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ABSTRACT
Kunz, Rebecca Sylvan, M.S., December 2003 Geology
The Alkalic Intrusions o f  Garrison, Montana: A Possible Extension o f the Central Montana Alkalic 
Province
Director: Donald W. Hyndman
Dikes and sills intruding late Cretaceous sedimentary rock surrounding Garrison, Montana are basalts 
and diorites, which differ in composition from the rocks found to the east and southeast in the Boulder 
batholith. The Boulder batholith is a calc-alkaline center associated with Cretaceous subduction. The 
Garrison rocks are alkalic in composition, more closely resembling those found in the Central Montana 
Alkalic Province, located 65 km to the northeast. The Adel Mountains Volcanic Held is the closest igneous 
center associated with the province to the Garrison area. The Garrison rocks are late Cretaceous and were 
intruded at approximately the same time as both the Adels and the Boulder batholith.
Most o f  the Garrison rocks are too altered for comprehensive chemical analysis, but contain intact 
minerals that reveal some associations. Microprobe data on augite and plagioclase from the Garrison dikes 
and sills, the Adels, and several mafic units associated with the Boulder batholith reveal that the Garrison 
intrusions are closer in composition to the Boulder batholith rocks, but are still not closely related to either 
igneous center. The basalts and diorites in the Garrison basin appear to be closely related to each other.
W hole-rock chemical analysis o f three diorites reveal close chemical tics to the Kokoruda Ranch 
complex, a shonkinitic pluton near the Boulder batholith. The Kokoruda complex and the Garrison rocks 
appear to be from a source separate from the Boulder batholith and the Adel Mountains Volcanic center. 
The presence o f alkalic magmas on the west side o f the Boulder batholith, outside the recognized boundary 
o f the Central M ontana Alkalic Province, indicates that the processes that formed the province may be 
active in the Rocky Mountain thrust-fold belt.
The placement o f the Garrison dikes and sills also constrains the age o f deformation associated with the 
thrust-fold belt. A late Cretaceous age determined for one o f the diorites and evidence o f deformation o f the 
dikes and sills reveals that the intrusive episode occurred during deformation and may be an important key 
in unveiling the local tectonic history.
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INTRODUCTION
This thesis investigates the petrology o f a little-studied group o f dikes and sills located along the Lewis 
and Clark Line near Garrison, M ontana. The area is bordered by the Purcell anticlinorium to the north and 
the Lombard thrust plate to the south. Preliminary work on the Garrison intrusions by Sears et al. (1999, 
2000a) indicated that two magma sources influenced the dikes and sills. They noted that a series of 
andesitic intrusions became less alkaline and more calc-alkaline to the south. The Boulder batholith, 
southeast o f the Garrison intrusions, is calc-alkaline in composition and is considered to be subduction 
related. About 60 km to the northeast is the edge o f the petrographic province described by Larsen (1940) 
as the Central Montana Alkalic Province. M ingling and mixing o f magmas from the two regions has been 
found in satellite plutons along the eastern margins o f the Boulder batholith.
The purpose o f this study is to determine the magmatic association o f  the intrusions and see if  they are 
the result o f magma mingling and mixing, or if  they are derived from just one source. I f  there is a relation 
to the Central Montana Alkalic Province, then the traditionally recognized boundaries o f the province will 
need to be reconsidered, possibly including the northern part o f the Boulder batholith. The batholith has a 
higher K20  content in the northeast, which is closer in composition to the Central Montana Alkalic 
Province. Intrusions associated with the batholith to the south and west have a higher Na20  content and are 
more chemically similar to other calc-alkaline batholiths in the region. The emplacement o f the Boulder 
batholith coincided with late Cretaceous to Eocene thrusting in the area and the location o f the intrusions 
along the Lewis and Clark Line is important in constraining the timing o f the deformation. As little work 
has been done on the dikes and sills, this study will provide more information for deciphering the timing of 
tectonic events in the area.
1
Setting
The majority o f the Garrison dikes and sills lie within 5 km of the Little Blackfoot and Clark Fork 
rivers, Powell County, Montana. Sills to the northwest were not included due to time and monetary 
constraints. The Garrison intrusions cut late Cretaceous sedimentary rocks in the vicinity of Garrison. The 
oldest exposed unit cut by the intrusions is the Cretaceous Kootenai Formation. Most o f the intrusions are 
found in the upper Cretaceous Colorado Group. Most o f the Colorado Group was deposited in a near-shore 
to terrestrial fluvial environment. Sediments were derived from predominantly western sources, where 
uplift was taking place as a result o f tectonic forces related to the Farallon-North America plate collision 
(Wadell, 1997). The youngest unit cut by the intrusions is the Campanian to Maastrictian Golden Spike 
Formation. This unit consists o f fluvial sandstone and conglomerate derived from Precambrian to 
Cretaceous rocks to the west, and volcanic rocks to the southeast. The Golden Spike Formation was 
deposited concurrently with the eruptions of the upper Cretaceous Elkhorn Mountains Volcanics and 
contains a num ber o f lava flows and lahar deposits. The volcanic and volcaniclastic rocks are intertongued 
with non-volcanically derived units and thicken to the southeast in the direction o f the Boulder batholith. 
The lava flows preserved in the Garrison depression are andesites that correlate with the lower Elkhorn 
Mountains Volcanics (Gwinn and Mutch, 1965; Wadell, 1997).
The Garrison intrusions straddle the Lewis and Clark Line, a Precambrian lineament that extends 
from Wallace, ID, to east o f Helena, MT (Figure 1). It was reactivated during late Cretaceous to Eocene 
deformation and became a shear zone accommodating differential motion between the Lewis-Eldorado- 
Hoadley thrust slab to the north and the Lombard tectonic plate to the south. Its expression on the surface is 
a series of en echelon southeast-trending folds. The width o f the Lewis and Clark Line ranges from about 
30-50 km (W addell, 1997; Sears, 1996). In this varied tectonic environment, the Garrison dikes and sills 
could be related to one or both o f the igneous centers in the region: the Boulder batholith and associated 
Elkhorn M ountains Volcanics, and the Adel Mountains volcanic field, which is part of the Central Montana 
Alkalic Province.
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The Boulder Batholith and the Elkhorn Mountains Volcanics
The Boulder batholith is the closest igneous center to the Garrison intrusions (Figure 2) and covers 
over 6000 km 2. Its nearest edge lies about 25 km to the east and south-east o f the study area and stretches 
from just south o f Helena to south of Butte. The batholith and its satellites straddle two tectonic provinces: 
the Rocky Mountain foreland and the Cordilleran thrust belt (Schmidt et a l ,  1990). The magma crystallized 
at shallow depth and intruded the Elkhorn Mountains Volcanics. The Boulder batholith is cogenetic with 
the Elkhorn Mountains Volcanics, which is the youngest unit cut by the Boulder batholith (Robinson et al., 
1968; Rutland, 1985; Watson, 1986). The main phase is dated to 74-80 M a using K/Ar biotite and 
hornblende dates. The bulk of the batholith was intruded in about 6 M a between 78 and 72 Ma, although 
small leucocratic phases continued to be emplaced for a few million years afterward (Robinson et al.,
1968). The more tonalitic plutons along the northern and southern boundaries are older at 77-73 Ma, and 
the more silicic are younger at 73-69 Ma (Schmidt et al., 1990). The time span for the emplacement o f  the 
entire complex is estimated to be from about 82 to 71 Ma, covering most o f Campanian and part o f 
Maastrichtian time (Robinson et al., 1968). A recent study by Lund et al. (2002) found SHRIMP U-Pb 
zircon dates in good agreement with the K/Ar data. The Butte quartz monzonite, referred to as the Butte 
granite in their study, was dated at about 74.5 ± 2 Ma. An older pluton was dated at 78.2 ± 0.8 Ma, giving a 
similar upper age for the intrusive part o f the complex. The extrusive phase, the Elkhorn Mountains 
Volcanics, has K/Ar biotite and plagioclase dates ranging from 78 to 73 Ma in middle and upper units. The 
lower sections were estimated to be about 81 to 77 Ma, based on stratigraphic and paleontological 
evidence. The volcanic rocks are almost wholly Campanian in age. Other reported ages are from 83 to 81 
Ma (Robinson et al., 1968).
The Boulder batholith consists o f at least twelve different plutons that range in composition from
basalt to alaskite, although most o f it is granite or granodiorite. Two general compositional trends are noted
by Tilling (1973). The main magma series has a higher amount o f potassium and lower sodium for similar
silica contents. It includes most o f the northern and more easterly intrusions, including the Butte quartz
monzonite, and is somewhat older. The sodic series, which tends to be the younger o f the two, is higher in
4
sodium and lower in potassium and predominates in the southern and western portions o f the batholith and 
surrounding plutons. Most o f the Boulder batholith and its satellites belong to the calc-alkaline series. A 
large part o f the batholith is the Butte quartz monzonite, which is a single intrusion and constitutes about 
75% o f the total area (Robinson et al., 1968). The name o f the Butte quartz monzonite is from an older 
classification scheme and plots in the granite field o f the IUGS classification scheme. The bulk o f the 
batholith contains about 35-50% plagioclase, 15-30% potassium feldspar, 10-15% quartz and 10-15% 
biotite (Tilling et al., 1968). Overall, the intrusions o f the Boulder batholith complex become more felsic 
through time. The mafic rocks are thought to be the first intruded and are related to the main series. Minor 
occurrences o f monzonitic and alkaline gabbros occur along the north and eastern borders o f the batholith, 
which do not fit into either series and are not calc-alkaline (Tilling, 1973).
The Elkhorn Mountains Volcanics are associated w ith the Boulder batholith main series and 
formed in a caldera environment (Watson, 1985). Most o f the rocks are andesite and quartz latite, although 
there are some basalt flows and flow breccias and associated hypabyssal intrusive rocks. Many o f the basalt 
flows have phenociysts of clinopyroxene, plagioclase and altered olivine (Rutland, 1985; Smedes, 1966).
There is some disagreement as to the cause o f the m elting that created the Boulder batholith. 
Several researchers have suggested that the magma for the batholith is most likely related to the subduction 
o f the Farallon plate under the North American plate, and was probably derived from lower continental 
crustal sources (Doe et al., 1968; Tilling, 1973; Schmidt et al., 1990). Schmidt et al. (1990) felt that because 
the batholith was emplaced along fault zones, it may not be a true arc-related magma. The faulting in the 
area may have produced rapid decompression, resulting in melting of the crust and the production of 
magma far from an arc environment. Hyndman et al. (1975) and Sears et al. (1999) have hypothesized that 
the Idaho batholith is a possible source for the magma, or that it was part o f the same process that caused 
the melting o f  the source rocks for the Boulder batholith. The Idaho batholith lies to the west o f the Boulder 
batholith on the Montana and Idaho border and extends into central Idaho. It is also calc-alkaline, o f a 
similar age as the Boulder batholith and is considered to have been generated in an arc environment. The 
Boulder batholith appears to have been emplaced along the thrust faults formed in the earlier part o f the
regional compression and probably migrated from the west to its present location.
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Flint Creek Range
The Flint Creek Range contains several plutons that are less than 10 km west-southwest from the 
Garrison dikes and sills. They consist o f granite to granodiorite, with some altered mafic minerals. They 
have been dated to about 75-65 Ma and are about the same age as the Boulder batholith (Tilling et al.,
1968; Hyndman et al., 1975). Although Mutch (1960) reported basalts and lamprophyres in the area and 
mapped some o f the lamprophyres in the northeast part o f the range, he does not give a petrological 
description o f either. The magma that formed the majority o f the plutons in the Flint Creek Range appears 
to have come up along the thrust faults on the Sapphire Block, and due to the similarity o f intrusive styles, 
they may be related to the Boulder batholith (Hyndman et al., 1982; Hawley, 1974). Because they are 
lithologically similar to the Boulder batholith, they will be considered part o f the Boulder batholith system 
for the purposes o f  this study.
Adel M ountains Volcanics
The closest igneous center o f the Central Montana Alkalic Province to the Garrison dikes and sills 
is the Adel M ountains Volcanic field. The Adel Mountains Volcanic field lies about 65 km northeast o f  the 
study area, at the eastern edge o f the Montana disturbed belt (Figure 2). Most o f the igneous rocks were 
emplaced before deformation along the western edge o f the volcanic field (Lyons, 1944). They also lie on 
the north side o f the Lewis and Clark Line (Beall, 1973). The Adels are approximately the same age as the 
Garrison intrusions, although some disagreement exists as to their exact age. Sheriff and Gunderson (1990) 
reported a whole-rock K-Ar date from deep in the volcanic pile that yielded an age o f 81.1 ± 3 .5  Ma. K/Ar 
age determinations on biotites in one o f the shonkinite dikes yielded an age o f  71.2 ± 2.7 Ma. These ages 
are also supported by paleomagnetic data that they conducted on the Adel Mountains Volcanics. Harlan et 
al. (1991) found a 73.2 ± 2.1 M a K/Ar biotite date from near the bottom o f  the volcanic pile. Most biotite 
and hornblende dates in the Adel Mountains Volcanics field range from 73 to 75 Ma.
The Adel Mountains consist o f lava flows and breccias intruded by numerous dikes and sills. The
intrusions consist o f  shonkinite, alkali basalt, latite and syenite. Shonkinite, the dominant mafic rock type,
7
is an orthoclase gabbro w ith salitic augite, or the volcanic equivalent. Most o f the volcanic rocks are alkali 
basalt. The shonkinite and alkali basalt were derived from different sources (Beall, 1973; Cunningham, 
1997). Magma mingling and mixing occurred between the two mafic magmas, latites and syenites. This is 
evident in both field relationships and chemical compositions (Beall, 1973; Cunningham, 1997). The 
intrusions range in type and size from sills and dikes to laccoliths. Most of the rocks in the area have been 
at least moderately zeolitized. The Three Sisters “stock,” which Beall (1973) later determined to be a high 
concentration o f dikes, consists o f monzonite, shonkinite (syenogabbro) and trachybasalt (Lyons, 1944). 
The northern part o f the Boulder batholith also shares the distinct influence o f two sources for its mafic 
units (Beall, 1973; Breuninger, 1995; Cunningham, 1997). Cunningham (1999) noted the similarity of the 
alkali basalts in the Adel Mountains to those found in the Boulder batholith. She hypothesized that there 
might be a relationship between the two. She also inferred that the Central Montana Alkalic Province may 
extend farther southwest than previously recognized and include the Boulder batholith.
Central M ontana Alkalic Province
The Central M ontana Alkalic Province covers an area along the Rocky Mountain Front Range and 
plains that spans an area 650 km long, from the Canadian border to Yellowstone National Park, and 
between 150 and 300 km wide (Figure 3). There are twelve centers o f magmatic activity (Larsen, 1940). 
M ost o f the dates on these alkalic rocks range from 69 Ma to about 47 Ma (Breuninger, 1995; Heam,
1989).
The igneous rocks are quite diverse in major chemical make-up, ranging from calc-alkaline rocks 
to highly alkaline and potassic or sodic (Eggler and Furlong, 1991). The most common lithologies are 
bimodal between a strongly alkalic magma and a more mildly alkalic mafic magma, as well as between 
mafic and felsic compositions. The oldest are generally more calc-alkaline and progress towards more 
extreme alkalic chemistries through time. Where volcanic rocks are found, the mafic magmas tend to 
represent the first stages o f eruption. The most common intrusion composition is mafic, ranging from 
gabbro to shonkinite. M ost o f the magmas exhibit high K20 , BaO, P20 5 and SrO and low ALO3, T i0 2 and 
FeO, although the amount of T i0 2 varies. In general, the mafic rocks are mostly made up of augite, olivine
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and some biotite, with plagioclase and alkali feldspar in the groundmass. The felsic rocks consist o f 
sanidine and nepheline with some leucite and analcime. Plagioclase is common, but is less abundant than 
orthoclase in all rocks. Olivine, augite and leucite precipitated early in the crystallization sequence, whereas 
biotite formed late. Hornblende is generally rare in the mafic rocks in the Central M ontana Alkalic 
Province. Only in the Little Belt province, about 100 km northeast o f the Boulder batholith, are the 
feldspathoids rare and hornblende more common (Larsen, 1940).
Other Alkalic Intrusions
A number o f alkaline intrusions in the region might be related to the Garrison dikes and sills. The 
closest is a group o f sills on the north side of the Purcell anticlinorium. The sills are similar in composition 
and stratigraphic level (Sears, 1998). They seem to be a part o f a series o f andesitic intrusions along the 
Rocky Mountain thrust belt, which can be chemically separated into two types: a northern shonkinitic 
pyroxene-biotite group and a southern high-potassium calc-alkaline set. These two sets appear to meet and 
have commingled in and around the Boulder batholith (Sears et al., 1999). A  study by Priest (2000) near 
Sun River in north central Montana on one o f these sills determined that the sill was intruded into partially 
deformed rocks and was itself deformed by the continued folding. There is some disagreement as to the age 
o f the sill. Sears (1998) found a 58 M a biotite 40Ar//39Ar age, which he interpreted as a denudation age. This 
interpretation is based on argon loss patterns detected during the dating process. A reconstructed cross- 
section also indicates that the sill was buried deeply enough to expose the sill to high enough temperatures 
to reset the 40Ar/39Ar date. Sears argued that because the sill was similar in composition and stratigraphic 
level, it likely was o f the same age as the Garrison sill that he had dated. Priest (2000) found that the 
magnetic polarity was reversed and therefore not consistent with a crystallization age o f  76 Ma. He 
concluded that the sill had to be younger by at least two million years, although significantly older than the 
58 Ma age for the amount o f deformation and rotation recorded there to have occurred.
Rocks with a higher alkaline content are found around the north and east sides o f the Boulder
batholith. These rocks are plagioclase shonkinites and they more closely resemble the rocks o f the Central
Montana Alkalic Province. The shonkinites do not fit into the two recognized series for the Boulder
10
batholith, based on differences in mineralogy and results from chemical analysis. These shonkinites, as well 
as other high-potassium rocks found around the Boulder batholith, are more closely related to the main 
series than the sodic series (Breuninger, 1995; Tilling, 1973; Knopf, 1957). However, they still have 
distinct features that resemble those in the Central Montana Alkalic Province, such as incompatible trace- 
element enrichment, high Sr-isotope ratios and high K>0+Na;>0 percentages (Johannesmeyer, 1999; Dudas 
and Eggler, 1989).
The Kokoruda complex is one o f the shonkinite intrusions bordering the Boulder batholith on its 
northeast side (Figure 2). A variety o f rocks are found in the Kokoruda Ranch area, including shonkinites, 
lamprophyres and alaskites, along with granite from the main series o f the Boulder batholith. The 
Kokoruda complex was intruded about 70-80 Ma, based on K/Ar dating of biotite (Tilling et al., 1968; 
Tilling, 1973). The complex intrudes Paleozoic and Mesozoic rocks, including the Cretaceous Kootenai 
Formation. The contact between the shonkinite and the felsic Boulder batholith is gradational along the 
eastern edge o f the outcrop. Breuninger (1995) studied the magma mixing and mingling relationships, 
which are evident in outcrop and chemical analysis. As the mafic rock becomes more felsic, hypersthene 
and olivine disappear and hornblende and quartz appear. Typical shonkinite from the area contains 
labradorite (An60), poikilitic potassium feldspar, quartz or olivine, biotite, hypersthene and minor opaque 
minerals and apatite. Olivine reaction to the mixing o f the two magmas resulted in alteration to hypersthene 
or to biotite and Fe-oxides. Salite typically reacted to form biotite-rich assemblages. Harker diagrams and 
geochemical evidence show that the granitic magm a is not formed through fractionation of a parent 
shonkinite magma. Breuninger (1995) also noted the similarity o f the shonkinite intrusions along the edges 
o f the Boulder batholith to those found in the Central Montana Alkalic Province and inferred that they were 
related.
Ringing Rocks pluton, studied by Johannesmeyer (1999), is another case o f magma mixing and
mingling. He examined the interaction o f a shonkinite and granodiorite magma in a small pluton just
southeast o f the Boulder batholith. Comingling relationships indicate that the tim ing of intrusion was same
for both magmas. The timing also suggests the possibility that the alkaline magma may have provided the
heat needed to melt the crust to form the Boulder batholith. Mafic inclusions are found in the main
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batholith and may be the result o f mixing and mingling o f mafic and felsic magmas on a larger scale.
M any o f the satellite plutons are described as sub-alkaline and may have been the result o f interaction with 
a more-alkaline magma. Johannesmeyer thought that the plagioclase shonkinite is a primary melt, based on 
chemical evidence. As a granitic melt cannot be produced from a shonkinite, there had to have been two 
different sources for the magmas. The shonkinite would have to have been derived from a mantle similar to 
that which produced the Central Montana Alkalic Province shonkinites.
Along the east side o f  the Boulder batholith, dikes o f porphyritic augite labradorite basalt are 
found near the Antelope Creek stock. Smedes (1966) found three textural types. The first contains 
phenocrysts o f labradorite only, the second augite only and the third has both. The dikes have narrow zones 
o f  contact metamorphism and often have chilled margins. Inclusions o f volcanic rocks and marble occur 
within the dikes. He also noted a plug o f  porphyritic basalt and andesite that contains andesine to 
labradorite, augite and hornblende. Field relations indicate that there were several injections o f basalt and 
one o f andesite. The andesite cuts and is cut by basalt intrusions. One plug at Casey Peak is a mix o f basalt 
and trachybasalt (Smedes, 1966).
PREVIOUS WORK
Some o f the Garrison area was mapped as a part o f larger studies in the early 1900’s (Pardee, 
1916), but the focus was on the mining districts in the region. Mutch (1960) examined the overall geology 
o f the northeast Flint Creek Range, which covered the western part o f the field area o f this study. He noted 
the relationships between the sedimentary units and two diorite sills, which he had determined to have been 
intruded about the same time as the onset o f deformation. He also looked at the andesite intrusions in the 
Golden Spike Formation. M utch felt that the intrusions were likely Tertiary in age, because o f their 
similarity and proximity to Tertiary volcanic rocks in his field area. He referred to the belt o f igneous rocks 
as the Garrison vent.
Gwinn and M utch (1965) studied the Golden Spike Formation, including its source and
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environment of deposition. They mapped and very briefly mentioned the Garrison dikes and sills in their 
paper. They did note a dark grey vesicular pyroxene-bearing basalt flow in the lower section and although 
they primarily used it as a stratigraphic marker, they did conduct a chemical analysis o f it. Gwinn and 
M utch did not establish a cogenetic relationship o f the lava flow with other igneous units. However, they 
did correlate the andesite lava units, which make up most o f the flows in the Golden Spike Formation, with 
the lower units o f the Elkhorn Mountains Volcanics. Wadell (1997) conducted a detailed analysis o f  the 
upper Carten Creek and Golden Spike Formations to determine sediment sources and environments o f 
deposition and how they changed over time. She noted that the dikes and sills were dioritic in composition. 
O ’Brien (2000), in a study o f the Colorado Group, referred to the intrusions as diabase sills in his 
stratigraphic columns.
The most recent detailed m aps that include the study area were by Sears et al. (2000b) o f the 
USGS Garrison and Luke Mountain 7.5’ quadrangles, where this study was conducted. In constructing 
structural maps o f the area to determine the age o f the deformation, they found sills that are thicker on one 
side o f anticlines than the other. They inferred that the magma pooled on the west limb of a fold, which was 
caused by the magma being unable to completely flow over the top o f the anticlines. Brooks (2002) did a 
similar mapping project to the northwest o f Sears et al.’s area, where intrusions related to the ones in the 
Garrison and Luke Mountain 7.5’ quadrangles are located. Brooks (2002) found numerous pyroxene-biotite 
andesite and diorite sills and dikes. He reported euhedral pyroxene phenocrysts and biotite clots. A hand 
sample from the Hoover Creek sill contained zoned pyroxene phenocrysts. Many o f the intrusions were o f a 
uniform composition. Brooks noted only minor alteration o f country rock along the edges o f the intrusions. 
Sears et al. (1998) obtained a 40Ar/39Ar 75.9 ±1 . 2  M a biotite age on one of the sills in Brooks’ field area.
METHODS
Field work was completed in the summer and fall o f 2002. This consisted o f field checking the 
locations o f  the intrusions and collecting samples for thin sectioning and chemical analysis. It also included
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investigating relationships o f intrusions to each other as well as the surrounding rock, recording evidence 
for possible magma mixing and mingling, and determining an initial overall distribution o f  rock types 
within the field site.
For mineralogical analysis, forty thin sections provided optical data and fifteen polished thin 
sections provided data for microprobe analysis. Many o f the rocks samples were too altered for microprobe 
work. The best samples were chosen for their relatively unaltered augite and plagioclase, the primary 
minerals o f importance in this study. Most previous microprobe work done on other rocks in the region 
included these two minerals, most notably the Kokoruda Complex, the Ringing Rocks pluton and the 
intrusions o f the Adel Mountains. Three o f the slides were from the three diorite sills and the remainder are 
from the mafic intrusions found in the Golden Spike Formation and the Colorado Group.
Microprobe analysis of ten slides was done in M ay 2003 at Washington State University, Pullman, 
and five more in August 2003. The minerals microprobed were augite, plagioclase, hypersthene, 
amphibole, biotite, magnetite and a mineral later identified as garnet. The plagioclase was examined for 
N a20 ,  A120 3, S i0 2, FeO, CaO, K20  and BaO. The others were analyzed for N a20 ,  MgO, A120 3, S i0 2, FeO, 
CaO, T i0 2, K20 ,  MnO and Cr20 3. Six minerals were microprobed twice in the same spot to provide the 
precision o f the analysis in the first set. Calibration runs were made before and after the microprobe 
sessions.
W ashington State University XRF lab ran four chemical analyses in August and September, 2003. 
Due to the pervasive alteration o f most o f the intrusions, few whole rock analyses are possible. The four 
least-altered were crushed to gravel-sized pieces in a rock crusher at the University o f M ontana, from 
which the least altered pieces were handpicked by the author to be sent in for analysis. Three diorite 
samples were sent, as well as a syenite from the eastem-most diorite intrusion. The m ajor elements 
analyzed by W SU are S i0 2, A120 3, T i0 2, FeO, MnO, CaO, MgO, K20 , Na20  and P2Os. Trace elements 
analyzed are Ni, Cr, Sc, V, Ba, Sr, Zr, Y, Nb, Ga, Cu, Zn, Pb, La, Ce and Th.
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Legend
Geological Map Units
□ Qa Quaternary alluvium
□ Tv Tertiary volcanic rocks
□ Kdi Garrison diorite sills
□ Kbi Garrison basalt dikes and sills
□ Kem Elkhorn Mountains Volcanics
□ Kus Undifferentiated Cretaceous sediments
□ Keg Colorado Group
Legend and general location o f  the geologic maps in Figures 4a and 4b. 
Collection locations o f  sam ples used for thin sections are numbered. 
The num bers correspond with the num bers o f  the thin sections, minus 
the prefex letters. Elevation is in feet. Contour interval is 40 ft.
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RESULTS
The Garrison dikes and sills mostly occur within a 15 km  radius of the town of Garrison (Figures 
4a-b). Those included in the study are a small set o f dikes and sills that intrude the Golden Spike Formation 
just to the southwest o f 1-90 (Figure 4a). Most o f the remainder are just to the north o f Highway 12 and 
intruded the Colorado Group (Figure 4b). The dikes and sills from north of Highway 12 contained the 
greatest variation in mineralogy and the greatest range in alteration. Two dikes to the south o f Garrison 
were also sampled, one o f  which is along 1-90 and the other crosses Beck Hill Road. The intrusions south 
of Highway 12 are poorly exposed. Two samples o f basalt flows from the Boulder Mountains were 
collected for comparison to the Garrison intrusions. The Elkhorn Mountains basalts are lava flows from the 
upper part o f the Little Blackfoot River in the Boulder Mountains 17 km to the south of Elliston. A sample 
from a diorite sill, located on the 1-90 highway right-of-way and the source o f the 40Ar/39Ar date obtained 
by Sears et al. (1998), was also collected. A dike of similar mineralogy to the mafic Garrison dikes and sills 
was found on Dunkleberg Ridge and a sample was collected from there to see if it might be related to the 
Garrison complex.
The intrusions are poorly exposed on the grassy hills around Garrison and tracing their extent is 
difficult, especially on north facing slopes where stands of evergreen trees are widespread. Contacts 
between the intrusions and the country rock are usually difficult or impossible to discern. Where visible, 
the contacts are sharp. The road cuts along Highway 12 and 1-90 provide the best exposures of contacts 
between the intrusions and country rock, and are the best place to retrieve the least-altered samples. Most 
samples were collected from the surface exposure, which generally consists o f loose rocks that have been 
noticeably weathered.
The dikes and sills can be broken down into two basic groups: basalts and diorites. The basalt 
intrusions mostly consist o f  small 1.5 -4 m wide dikes and sills. A  few are as large as 10-12 m wide. Most 
are rarely longer than 150 m, although some north o f Highway 12 are longer than 3 km. There is a 
predominant northeast trend to most o f the intrusions. At least one mafic dike widens in map view and
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appears to have “rolled over” into a sill north of Highway 12 at sample location site number 58 in Figure 
4b.
The basaltic intrusions are generally black to gray-green where fresh, with phenocrysts o f augite 
and occasional phenocrysts o f plagioclase set in an aphanitic groundmass, giving the rocks a distinct 
spotted appearance. The rocks weather to rusty reddish to orangish brown. Most o f the small intrusions 
have been significantly altered. Little contact metamorphism was noted, as it did not extend beyond a half­
m eter from the intrusion and did not significantly alter the country rock as observed in hand sample. Many 
o f the dikes and sills have mineralized veins with slicken sides, suggesting they were subjected to 
deformation after crystallization.
The two larger sills along Highway 12 and the one along 1-90 are coarse-grained and moderately 
porphyritic. They are all diorites, with phenocrysts o f pyroxene and plagioclase. The groundmass consists 
o f biotite, plagioclase and alkali feldspar. The sills can reach over 50 m thick and stretch up to 8 km in 
length. Even along the larger diorite sills, where the contact aureole was larger, there appears to be no 
significant alteration o f the surrounding rocks. Most o f the units intruded are sandstones and sandy shales 
and mudstones. The eastem-most sill contains veins and small dikes of syenite, which has caused some 
alteration o f the sill. M inor syenite veins can also be found in the second-most eastern sill. The diorite sills 
are generally less altered than the basaltic intmsions, but the sills still show some alteration throughout and 
frequently have veins o f alteration all through the intmsions.
The concentration o f intmsions is greater in the Colorado Group to the north o f Highway 12, 
where the greatest range o f  compositions and alterations are found. Some of the intmsions appear to have 
cut one another, but because o f poor exposures, it is impossible to determine any cross-cutting 
relationships. While many o f the intmsions appear more felsic, much o f the coloration is due to alteration.
M INERALOGY
Mafic Intrusions
All mafic intmsions observed in this study have similar original mineralogies. Phenocrysts o f
19
augite are ubiquitous in the mafic rocks, and most have phenocrysts o f  plagioclase feldspar. The mafic 
minerals usually constitute about 10-15% o f  the rock by volume, though some samples reach as m uch as 
35%. The dominant mafic mineral is augite, followed by olivine pseudomorphs, magnetite and biotite. 
Plagioclase, which ranges from 65-85% o f  the rock volume, is the dominant felsic mineral. It is found as 
both a phenocryst phase and in the groundmass.
The groundmass is aphanitic and usually quite altered. In the least-altered samples, it is composed 
o f mostly plagioclase with minor amounts o f opaque minerals, apatite, allanite, brown or orange biotite and 
sphene. In  the altered rocks, most o f the groundmass is composed o f calcite and other carbonates, epidote, 
green biotite, chlorite and opaque minerals. Some replacement minerals are pseudomorphs after augite. The 
anorthite content o f  the plagioclase in the groundmass is impossible to determine optically in almost all 
samples, because o f the pervasive alteration.
Rare crystals o f  alkali feldspar and quartz are found in some o f  the intrusions, but have a distinct 
circular shape and are slightly larger than the groundmass, and are likely the result o f later alteration. They 
may be amygdules, but the alteration o f the groundmass prevented a definite determination. I f  the quartz 
and feldspar are amygdules, this would indicate that the dikes and sills crystallized at depths o f  less than 2- 
3 km (Hyndman, 1985, p. 134). Quartz and some alkali feldspar also are found as replacement minerals in 
pseudomorphs. Based on the high anorthite content o f the plagioclase phenocrysts and the presence o f  
olivine and augite, the mafic dikes and sills were determined to be basalt. A list o f  mineral percentages and 
optical characteristics are in Table 1.
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Intrusion
Type
Augite Olivine or 
Amphibole
Plagioclase Biotite Potassium Feldspar Opaque Minerals Minor
Minerals
Basalt Faint green to clear; 
pale brown to violet 
pleochroism on crystals 
with low birefringence
Biaxial (+); 2V about
55° to 65°
r>v
ZAc averages 45°
Amount by volume: 
0-35%
One slide with 
groundmass augite: 
brown to light brown 
pleochroism and 
bladed crystal form 
Biaxial (+); 2V around 
50°; ZAc about 44°
Olivine:
Completely altered 
to serpentine, 
chlorite, biotite 
and opaque 
minerals in 
pseudomorphs
0-8 %
Phenocrysts:
Albite and Carlsbad 
twinning
Cores: An48.73 
Rims: An26-36
Normal, reversed and 
oscillatory zoning
0-20%
Groundmass: An39.66 
50-90%
Primary: orange to 
brown or reddish-brown 
pleochroism
tr-6%
Secondary: 
tan to dark brown 
pleochroism; pale green 
to green or brown
Biaxial (-); 2V about 
80°
Rarely primary as 
interstitial mineral, 
usually secondary.
0-2%
Primary: magnetite
Secondary:
magnetite
pyrite
chalcopyrite
Fe-oxides
tr-2%
Primary:
Apatite
allanite
sphene
Secondary:
epidote
sphene
garnet
Intermediate Faint green to clear; 
pale brown to violet 
pleochroism on crystals 
with low birefringence
Biaxial (+); 2V about
55° to 65°
r>v
ZAc averages 45°
Amount by volume: 
10-35%
Amphibole:, Green 
to blue-green or 
brownish-green 
pleochroism
Biaxial (-); 2V 
about 50-75°
ZAc averages 23°
Secondary as 
alteration product 
of augite
tr-10%
Phenocrysts:
Albite and Carlsbad 
twinning
Cores: An31.66 
Rims: An26. 34
Most normal zoning, 
reversed and oscillatory 
zoning rare
50-60% eastern sills 
20% western sill
Primary: orange to 
brown or reddish- 
brown; tan to dark 
brown pleochroism
Secondary:
tan to dark brown; pale 
green to green or brown 
pleochroism
7%
Biaxial -; 2V about 
80°
Primary in the 
groundmass
No twinning
3-10% eastern sills 
40% western sill
Primary:
magnetite,
ilmentite
Secondary:
magnetite
1%
Primary:
apatite
allanite
sphene
quartz
hypersthene
Secondary:
epidote
sphene
Intrusion
Type
Augite Olivine or 
Amphibole
Plagioclase Biotite Potassium Feldspar Opaque Minerals Minor
Minerals
Syenite Faint brownish-green; 
pale brown to violet 
pleochroism on crystals 
with low birefringence
Biaxial (+); 2V about
50°
r>v
ZAc averages 49°
Amount by volume:
5%
Amphibole: Green 
to blue-green or 
brownish-green 
pleochroism
Biaxial (-); 2V 
about 50-75°
ZAc averages 23°
Both primary and 
as alteration of 
augite
3%
Phenocrysts:
Albite and Carlsbad 
twinning
An33
Normal, reversed and 
oscillatory zoning
7%
Primary: orange to 
brown or reddish- 
brown; tan to dark 
brown pleochroism
Secondary:
tan to dark brown; pale 
green to green or brown 
pleochroism
3%
Biaxial (-); 2V about 
80°
Large euhedral 
crystals
75%
Primary: magnetite 
ilmenite
Secondary:
magnetite
3%
Primary:
apatite
allanite
sphene
quartz
Secondary:
epidote
Elkhorn
basalt
Faint yellow-green to 
green pleochroism
Biaxial (+); 2V about
50° to 60°
r>v
ZAc averages 49°
Amount by volume: 
7-15%
Olivine: HDNF-65 
contains possible 
olivine
pseudomorphs of 
serpentine and 
chlorite.
Amphibole: pale 
brown pleochroism
1%
Phenocrysts: HDNF-65 
Albite and Carlsbad 
twinning
Normal zoning
Groundmass: microlitic 
to cryptocrystalline
75%
Primary: magnetite
Secondary:
magnetite
Primary:
allanite
sphene
Secondary:
sphene
epidote?
Dunkleberg
Ridge
Faint green to reddish 
pleochroism
Biaxial (+); 2V about
60°
r>v
ZAc averages 46°
Amount by volume: 
15%
Olivine: possible 
phenocrysts altered 
to chlorite and 
opaque minerals
Phenocrysts and 
groundmass too altered 
for optical 
characteristics
65%
Primary: reddish-brown 
to dark brown 
pleochroism
Secondary: green to tan 
pleochroism
3%
Biaxial (-); high 2V 
Interstitial
3%
Primary: magnetite
Secondary: Fe- 
oxides
Primary:
apatite
quartz
Secondary:
epidote
chlorite
tot-o
Augite - The augite occurs as euhedral to subhedral, equant to tabular phenocrysts in 
glomerocrysts or single crystals from 0.5mm to 10mm across. The glomerocrysts occasionally have 
pseudomorphs o f olivine included in the center. The augite is often seriate in texture, though the larger 
phenocrysts are predominant. Because of the small number of groundmass-sized crystals, it is likely that 
they are the comers of phenocrysts and are not late forming. Low-birefringence grains do not go 
completely to extinction. Near extinction, the crystals often show dispersion with a brown on one side and 
violet on the other. This, along with the dispersion on one optic axis, indicates that the augite is titaniferous 
(Troger, 1971, p. 72). The augite is commonly twinned and rarely shows concentric, possibly oscillatory, 
zoning. Slide H12R-7 contains brown augite in the groundmass. In the more-altered intrusions, augite is 
usually altered to biotite, chlorite, carbonates and opaque minerals. One augite grain in slide GSF-36 shows 
sector (hour-glass) zoning. Identifiable inclusions found in the augite are olivine pseudomorphs and rare 
small plagioclase laths and apatite.
Olivine - Euhedral to subhedral olivine pseudomorphs about 0.2 to 0.5 mm in length occurred in 
almost a third o f the thin sections. Most grains have been replaced by chlorite and serpentine. However, 
there appears to have been replacement in some pseudomorphs by intergrowths o f chlorite, potassium 
feldspar and quartz, leaving a distinct symplectitic texture. This may have been a replacement o f the biotite 
or serpentine that replaced the olivine. The pseudomorphs occur as small phenocrysts and as occasional 
inclusions in augite phenocrysts. Euhedral olivine pseudomorphs are found in one slide o f a contact 
between a dike and the country rock.
Plagioclase -  M ost o f the samples contain plagioclase phenocrysts, which range from being
completely intact to almost completely altered. The groundmass is almost always more heavily altered than
the phenocrysts. Plagioclase, usually about 0.1 to 0.3 m m  in length, constitutes almost all o f the
groundmass. The phenocrysts range in length from 1 m m  to 15 mm. A few slides contained enough
unaltered plagioclase with a suitable orientation for obtaining an estimation o f the composition. The X ’ A
010 . la  method was used to determine the anorthite content. Some plagioclase phenocrysts display a sieve
texture along with overgrowths. In more-altered intrusions, the cores o f the plagioclase crystals are
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typically more altered than the rims.
Biotite -  The orange biotite appears to be primary based on its lack of association with altering 
minerals and larger size in the groundmass. Orange biotite is titaniferous, according to Troger (1971, p. 
102). The tan to dark brown biotite may be primary and sometimes secondary where it forms thin stringers 
in the groundmass. In some slides, these stringers are sub-parallel and occasionally follow cracks through 
other minerals in the groundmass. The brown biotite that is sub-linear may be secondary. Bird’s eye 
extinction is common in the brown biotite. The green biotite and is almost always associated with alteration 
o f mafic minerals. It often forms fibrous clumps in the groundmass. The less-altered samples usually 
contain all three types. The more-altered samples have only the green lower-temperature variety.
Potassium Feldspar -  A few slides contain potassium feldspar in the groundmass, but it usually 
occurs as minor interstitial crystals or as circular vugs. The rounded appearance of the crystals suggests that 
most o f it may have formed as an alteration or replacement product. There appears to be a greater amount 
o f potassium feldspar in the more altered samples.
Opaque minerals -  At least half the slides contain primary opaque minerals. They often exhibit 
cubic shapes and are most often found in the groundmass. A few of the opaque minerals are inclusions in 
unaltered augite and plagioclase and are larger in size than those found in the groundmass. In the more 
altered intrusions, opaque minerals are commonly associated with altered mafic minerals and green biotite. 
The more altered intrusions also contain pyrite and a little chalcopyrite. Magnetite and pyrite are altered to 
Fe-oxides along the edges in the intrusions exhibiting the greatest alteration.
Apatite -  Apatite is almost universally present in the observed specimens. It commonly forms 
small clear needles in the groundmass. Typically it forms isolated crystals, though frequently is well 
distributed throughout the groundmass. Where more abundant, the apatite sometimes forms mats. In the 
thin sections where none was visible, there was a great deal o f  alteration that may have rendered it 
impossible to see it through the altered minerals.
Minor minerals -  Allanite forms where there is a higher concentration of rare-earth elements and
is often rimmed by epidote. M ost sphene appears to be primary, but some is the result o f the alteration of
mafic minerals. At least three o f  the slides contain garnet as small pebbly crystals in the groundmass,
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usually embedded in biotite and chlorite.
Intermediate to Felsic Intrusions
The intermediate- and felsic-composition samples, identified as diorite and syenite respectively, 
are the least altered, though the mafic minerals within them are often partially or completely altered to 
biotite and hornblende. They are medium - to coarse-grained, with rare phenocrysts o f augite and 
plagioclase. Mafic minerals make up about 30 to 40% of the diorite by volume and consist o f mostly 
augite, often altered to biotite and amphibole, and opaque minerals. In two sills, augite reacted to form 
orthopyroxene, although some orthopyroxene may be primary. The felsic minerals are mostly in the 
groundmass and consist o f plagioclase with smaller amounts of K-feldspar and quartz.
Syenite is restricted to small dikes and veins within the diorite. Most o f the alkali feldspar is 
altered to a cloudy material that is likely a clay. The rock is fine- to medium-grained and equigranular. 
Mafic minerals make up about 15% o f the syenite. Alteration of the few augite crystals is almost complete 
and hornblende is the dominant mafic mineral. Small amounts o f biotite are also present and are both of 
primary origin and the result o f alteration o f  augite and hornblende. Opaque minerals occur as stubby 
grains and long needles. Plagioclase is minor. Optical data and mineral percents are in Table 1.
Augite - The diorites have equant augite phenocrysts up to 15mm across. Optical dispersion and 
violet-brown pleochroism indicates that the augite is titaniferous and the high 2V is indicative o f a salitic 
composition (Troger, 1971, p. 72). The augite shows concentric zoning and is often twinned. Some crystals 
have zones o f inclusions that are concentrically distributed. Alteration of the augite is more common in the 
diorites and syenite. The crystals are often rimmed with amphibole, biotite and rare hypersthene.
Plagioclase -  The plagioclase is more seriate than tm ly porphyritic in the diorites. The crystals 
range from about 0.1 to 5mm long. The diorites show little alteration of plagioclase. X ’ A 010 . la  method 
was used to determine the anorthite content. The syenite has few plagioclase crystals and only one with an 
appropriate orientation for the method was found. Most o f the phenocrysts show normal zoning, although
some phenocrysts have reversed and oscillatory zoning.
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Biotite -  All biotites in the diorites and syenite are either in the groundmass or are associated with 
alteration. The orange biotite forms medium to fine crystals in the groundmass. It is mostly primary and it 
usually is bounded by potassium feldspar crystals. It is titaniferous, as inferred from the orange color, 
according to Troger (1971, p. 102). A few crystals are found in augite phenocrysts and may have resulted 
from alteration o f the augite. Brown biotite appears to be primary, where it forms lathes in the groundmass 
and occurs as inclusions in potassium feldspar in the syenite, and secondary, where it is an alteration 
product o f augite and amphibole. The green biotite is almost always associated with alteration o f mafic 
minerals. The biotite associated with alteration is often fibrous to anhedral.
Potassium Feldspar -  In the diorite sills, potassium feldspar occurs interstitially as a primary 
mineral, both as fine- to medium-sized grains and micrographically. Its lack o f twinning suggests it is likely 
orthoclase.
Quartz -  Quartz only occurs as an interstitial mineral, both as fine- to medium-sized grains and 
micrographically.
Orthopyroxene -  Hypersthene was found in the two intrusions on Highway 12. It appears to have 
been formed from a reaction o f the augite with the magma, as it is always in association with green biotite, 
which is usually a product o f the alteration of augite.
Amphibole -  Amphibole occurs exclusively in the diorites and the syenite, generally as an 
alteration o f  augite. Most o f the amphibole is anhedral, forming clots and rare fibrous mats. The syenite 
also contains subhedral grains, which are primary. All observed amphibole in the diorites is anhedral and is 
an alteration product o f  augite. According to Nesse (1991, p. 225-6), the amphibole is hornblende and has a 
moderately high M g content, based on its 2V angle.
Opaque minerals -  Most o f the opaque minerals in the diorite are associated with the alteration 
o f mafic minerals. In the syenite, many form long thin crystals. The rest are euhedral inclusions in the 
potassium feldspar or are part o f the alteration of mafic minerals and are often associated with biotite.
Apatite -  Apatite is almost ubiquitous in its occurrence in these samples. It frequently forms small 
clear needles in the groundmass. The diorites typically contain larger euhedral grains up to several 
millimeters long in addition to the smaller needles.
26
Minor minerals -  The allanite formed where there is a higher concentration o f rare-earth 
elements. Some o f the sphene is the result o f the alteration o f mafic minerals, but most appears to be 
primary.
Elkhorn Mountains Volcanics basalt
The Elkhorn Mountains basalts are porphyritic with a very fine-grained to cryptocrystalline 
groundmass. The groundmass, where visible, is composed o f mostly plagioclase microlites and large 
chlorite mats and vugs. Slide HDNF-66 has augite phenocrysts, whereas HDNF-65 has augite, plagioclase 
and small amphibole phenocrysts. Flow bands are visible in HDNF-65 and alteration haloes often surround 
the mafic minerals. Optical characteristics and percentages o f  minerals are in Table 1.
Augite - The basalt flows contain euhedral to subhedral phenocrysts as glomerocrysts or single 
crystals from 0.5mm to 3mm. Most o f the augite grains are euhedral, although some show rounding. 
Pleochroism ranges from very faint green to yellow-green. M any o f the crystals have strong optical 
dispersion, indicating that the augite is titaniferous. The moderately high 2V angles indicate that 
composition ranges from augite to salitic augite (Troger, 1971, p. 72). The augite is often twinned and 
shows concentric zoning in some of the larger crystals. Some o f the augite contains rims o f opaque 
minerals. There are also augite pseudomorphs consisting o f chlorite and carbonates.
Olivine -  Elkhorn basalt slide HDNF-65 contains possible subhedral pseudomorphs o f  olivine that 
have been altered to serpentine and chlorite. No intact crystals were found.
Plagioclase -  Most o f the plagioclase grains are found in the groundmass o f  the Elkhorn basalts. 
Only in HDNF-65 are there plagioclase phenocrysts from 0.6 to 3mm in length. M any o f the phenocrysts 
show disequilibrium textures, such as resorption embayments. Some o f the phenocrysts also have been 
fractured and broken.
Amphibole -  Slide HDNF-65 o f the Elkhorn basalts contains amphibole. M ost o f it is subhedral 
to euhedral, although some crystals show rounding.
Opaque minerals -  Opaque minerals are scattered in the groundmass o f  the Elkhorn basalts. The
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crystals are subhedral and have a stubby crystal shape, although some are skeletal, suggesting ilmenite. 
Some appear as haloes around augite.
Dunkleberg Ridge dike
The Dunkleberg Ridge dike is porphyritic with an aphanitic groundmass. The phenocrysts consist 
o f augite and plagioclase. The groundmass is fairly well-altered to calcite with irregular patches of chlorite 
and opaque minerals. Patches o f chlorite and opaque minerals might be olivine pseudomorphs. The original 
composition of the groundmass appears to have been predominantly plagioclase. M inor quartz and 
potassium feldspar are also in the groundmass. Percentages o f  minerals and optical data are in Table 1.
Augite - Much o f the Dunkleberg augite is altered to some degree to biotite, chlorite, carbonates 
and opaque minerals. Most o f the augites are phenocrysts 1 to 3mm in size and form single crystals. A few 
form glomerocrysts. A second set is in the groundmass. M any o f the crystals have strong optical dispersion, 
indicating that the augite is titaniferous, and high 2 V  angles indicate that the augite is salitic (Troger, 1971, 
p. 72).
Olivine -  Irregular patches o f chlorite and opaque minerals may represent altered olivine.
Plagioclase -T he Dunkleberg plagioclase is too altered to determine its composition optically. 
Most o f the groundmass consists o f altered plagioclase. The phenocrysts are almost as altered, but still 
show some remnant twinning.
Biotite -  The Dunkleberg reddish-brown biotite is mostly in the groundmass. The green biotite is 
interstitial and is usually associated with altered augite.
Potassium Feldspar -  Potassium feldspar is prim ary and interstitial.
Quartz -  Quartz is primary and interstitial.
Opaque minerals -M ost o f the opaque minerals in the Dunkleberg slide are associated with 
alteration, although some are primary. Almost all o f  the opaque minerals have been altered to Fe-oxides 
and are red in reflected light, suggesting hematite.
Apatite -  The apatite in the Dunkleberg rock is in the groundmass and forms small needles. Some
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o f the needles are in a parallel arraignment.
The intrusions are hypabyssal, based on the porphyritic texture and the oscillatory zoning in the 
plagioclase and augite, indicating a changing magma composition and rapid enough cooling that did not 
allow for equilibration with the melt. Crystals in the groundmass are often more altered in hypabyssal 
intrusions (Hyndman, personal communication). The thicker intermediate-composition sills have less 
groundmass alteration than the smaller, more-mafic dikes and sills. The sharp contact and lack o f peperite 
indicates that the dikes and sills were intruded into drier and more consolidated sediments or sedimentary 
rock. The lack of a large m etamorphic aureole also supports this interpretation. Also the lack of two alkali 
feldspars in the syenite is characteristic o f low-pressure environments.
The mafic intrusions have primarily augite, olivine pseudomorphs and plagioclase with an average 
An>5(). They are classified as basalt, based on their mineralogy, fine-grained groundmass and the IUGS 
classification system. The interm ediate sills have no recognizable olivine pseudomorphs and the augite 
reacted with the melt to produce rims o f amphibole, biotite and hypersthene. The plagioclase averages just 
below A n50 both in the phenocrysts and the groundmass. The intermediate-composition sills also contain 
primary potassium feldspar and quartz in the groundmass, which is medium to course grained. In the sills 
along Highway 12, alkali feldspar accounts for no more than 10% o f the rock by volume, and quartz is 
about 2% on average. Based on IUGS nomenclature, they are diorites. The western sill along 1-90 has 40% 
alkali feldspar, 20% plagioclase and less than 1% quartz. Normally this would be a syenite, but because of 
the high mafic content it does not fall into the standard classification. Previous workers in the Central 
Montana Alkalic Province classified such rocks as syenodiorite, but they most closely resemble plagioclase 
shonkinites from the Ringing Rocks pluton and the Kokoruda Ranch complex and would be most 
accurately described as such. Because o f  the chemical similarities o f  the three intermediate sills, as 
described in later sections, they will be considered as one group under the name o f diorite. Felsic veins 
running through the diorite sills contain a large amount o f alkali feldspar and low amount o f  quartz, and 
therefore are syenites.
Many basalt samples have relatively unaltered augite, even where the plagioclase groundmass is
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almost completely altered. Only pseudomorphs after olivine are found. Plagioclase phenocrysts vary in 
alteration state, depending on the overall amount of alteration. The more altered the rock, the more altered 
the phenocryst, except for a few cases. The phenocrysts are almost always less altered than the groundmass 
plagioclase. Some samples have all the primary minerals completely altered. This may be a result o f fluid 
movement within the Lewis and Clark line during deformation. The lack of large contact metamorphic 
aureoles indicates little water in the intrusions at the time o f intrusion. The lack o f consistently similar 
alteration in the basalt dikes and sills also suggests that they were not affected to the same degree.
Most o f the alteration appears to have occurred after crystallization, as it generally affects most o f 
the minerals in the rock. Augite typically alters to biotite and carbonates. Biotite is often found in cracks or 
it replaces the mineral entirely. Opaque minerals resulting from alteration are commonly found with the 
biotite. Carbonates usually totally replace augite in the more-altered intrusions. Euhedral pseudomorphs of 
both biotite and calcite after augite are typical in these dikes and sills.
The most prominent feature o f the basalt dikes and sills is the large amount of plagioclase.
W hereas most basalts contain sub-equal proportions of augite and plagioclase (Winter, 2001), the basaltic 
Garrison intrusives average over 70% plagioclase by volume. A high A L 0 3 content might be the cause of 
the large amount o f plagioclase in the basalt. It is also possible that differentiation has taken place and some 
o f the augite and olivine separated before injection of the dikes and sills.
The basalt augites are salitic in composition based on the 2V angle. The high Ca content o f the 
augites is typical o f  alkaline rocks as is the high amount o f titanium (Hyndman, 1985, p. 234, 366; Barberi 
et al, 1971). The augites are not titanaugite, because of the lack of pale brown to lilac brown color that is 
characteristic o f the titanaugites. They do have a distinct brown to violet brown dispersion before the 
crystal goes to extinction, which indicates a higher than normal T i0 2 content. The pleochroism is pale 
green to almost clear, which is more typical o f diopsidic and high-M g augites (Troger, 1971, p. 72). They 
appear to be titaniferous salitic augite.
W hether or not the augite was in equilibrium with the surrounding liquid is also an important
consideration for determining the composition of the magma. The lack of reaction rims around the less-
altered augites indicates that the augite was in equilibrium with the magma at the time o f crystallization. As
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the augites show alkaline characteristics in their composition, the lack o f reaction indicates that the 
composition o f the magma did not change enough to cause the augites to be out o f equilibrium. Some 
augite crystals are zoned, indicating that there was some change in magma composition as the augites 
precipitated. One augite contains sector zoning, which is common in alkaline rocks, especially in the 
Central Montana Alkalic Province.
The diorite augites have fewer zoned crystals than the basalt augites and show reaction rims that 
indicate disequilibrium with the magma. The optical characteristics o f the augites are very similar to those 
o f the Garrison basalts. The diorite augites are usually rimmed with K-bearing minerals, although some 
rims contain grains of hypersthene.
While plagioclase phenocrysts are found in most o f the intrusions, they generally make up a small 
proportion o f the total amount of phenocrysts, compared to augite. Most o f the plagioclase is confined to 
the groundmass. Phenocrysts with different types o f zonation indicate that different phenocrysts underwent 
different crystallization histories. The diorite has fewer zoned crystals and they tend to have more uniform  
zoning than those in the basalts. This indicates the diorites had a simpler crystallization history with less 
change in magma composition during the crystallization o f the plagioclase.
Other textures can be used to verify or disprove this conclusion. Sieve textures are usually formed 
by a crystal that is out o f equilibrium with the surrounding melt, if  the crystal shows a distinct change in 
composition. If  there is no change in composition, then decompression o f the magma as it rises tow ard the 
surface can also cause a sieve texture by remelting the crystal (Shelley, 1993). Some o f  the plagioclase 
phenocrysts display this texture in several thin sections. This could be the effects o f plagioclase crystals 
forming early in the crystallization sequence and reacting to the ascent o f the magma. Few augite crystals 
show this texture.
Other minerals can also be used to determine the magma composition. The presence o f biotite
indicates an alkaline melt, because hypersthene reacts with the K20  to form biotite and quartz (Hyndman,
1985, p. 146). Because o f this, the lack o f a two-pyroxene assemblage is also a feature o f alkalic rocks
(Barberi et al, 1971). Alkaline igneous rocks have high concentrations o f incompatible elements compared
to other rocks o f similar S i0 2 contents. Alkaline basalt typically contains olivine that has no reaction rims,
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indicating equilibrium. Because of the pervasive alteration of the olivine in the basalt dikes and sills, the 
equilibrium state was almost impossible to determine. As the augite often survived alteration, it would 
seem likely that orthopyroxene and pigeonite would also. No rims o f sub-calcic pyroxene were found in 
any of the basalt intrusions, nor was any found in the groundmass. Sub-calcic pyroxene is typical of 
tholeiitic and transitional basalts. Minor minerals typically found in alkali basalts include apatite, biotite or 
phlogopite, and titanomagnetite (Hyndman, 1985, p. 234). All but the phlogopite are found in most o f  these 
dikes and sills.
A group of sub-parallel brown biotite crystals found in a number o f the dikes and sills might be 
the result of deformation late in the crystallization sequence, especially if the dikes and sills were emplaced 
during deformation. The biotite is often kinked and tends to follow a lineation that does not match any o f  
the other minerals in the slides. It occasionally cuts across groundmass minerals that appear to have been 
slightly fractured.
Titaniferous augite and titanium-bearing biotite in the majority of intrusions, and sphene in almost 
half, indicates a high overall Ti content in the magma. Allanite is an indicator o f  a high concentration o f 
REEs. The amount of apatite also indicates a high P20 5 content. These minerals are consistent with an 
alkalic magma.
The likely sequence of crystallization for the basalt intrusions is olivine, followed by opaque 
minerals, augite, plagioclase, apatite and biotite. W hile opaque minerals do not form  phenocrysts, some do 
occur as inclusions in unaltered augite and plagioclase, indicating early formation. The diorite sills likely 
started with augite, then opaque minerals, plagioclase, amphibole, potassium feldspar and quartz. The 
syenite appears to have started with augite, then potassium feldspar, opaque minerals, amphibole, 
plagioclase and quartz.
Garnets are found in several o f the basalt slides. They are almost entirely associated with mats of 
an unidentified fibrous yellow mineral, that sometimes grades into fibrous and euhedral amphibole. These 
mats appear to be alteration products o f pyroxene and olivine. No microprobe data is available for the mats, 
but they may be an amphibole.
The Elkhorn Mountain Volcanics basalts also appear to be alkali basalt based on the titaniferous
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salitic augite and lack o f orthopyroxene. More-accurate determination is difficult because the fine-grained 
nature of the groundmass makes accessory mineral identification difficult at best. The alteration o f the 
groundmass also precluded accurate chemical analysis for these samples. The presence o f amphibole 
suggests that there may have been a higher H20  content in some o f  the basaltic magma.
The Dunkleberg Ridge sample has many similarities to the Garrison basalts. The titaniferous 
augite and biotite indicate that the Dunkleberg Ridge dike is also an alkalic basalt. The rock is more altered 
than most o f the Garrison basalts. Although the groundmass is more altered, the Dunkleberg Ridge dike is 
mineralogically similar to the Garrison basalts.
CHEMISTRY  
Mineral
Fifteen slides were prepared for microprobe analysis. Two are from diorite sills, one from the 
syenite, two from basalt flows in the Elkhorn Mountains Volcanics, seven from basaltic dikes and sills and 
one from the Dunkleberg Ridge dike. Minerals chosen for microprobe analysis contained no visible 
inclusions or alteration near the site to be analyzed. M icroprobe data is in Appendix A.
Fe was reported as FeO for the rocks analyzed in this study. Johannesmeyer (1999) and 
Cunningham (1999) reported all their Fe as Fe20 3 in their microprobe results. Their results were 
recalculated as FeO for comparison to the Garrison dikes and sills. The recalculation tables are in Appendix 
B.
The two minerals considered most important are augite and plagioclase, because they have the
greatest amount o f data from other regional igneous centers available for comparison. Data on augite is
available for the Adel Mountains Volcanic center (Cunningham, 1999), the Ringing Rocks pluton
(Johannesmeyer, 1999), the Kokoruda Ranch complex (Breuninger, 1995) and tw o basalt flows in the
Elkhom Mountains Volcanics (this study). Plagioclase microprobe data is available for the Ringing Rocks
pluton and the Kokoruda Ranch complex, but not the Adel Mountains. Johannesmeyer (1999) also obtained
results on orthopyroxene and amphibole for the Ringing Rocks pluton and Kokoruda Ranch complex. This
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allows limited comparisons to data obtained from hypersthene from a Garrison diorite intrusion and 
amphibole from the Garrison syenite and one o f the Elkhom basalts.
Augite - The Garrison basalt augites fall into three populations on the Ca-Mg-Fe tem aiy diagram 
(Figure 3). Most of the augites from the Garrison area fall in the augite field, directly below the boundary 
between augite and salite, near the diopside field. This is typical o f augites from an alkali basalt (Hyndman, 
1985; Barberi et ah, 1971; Nisbet and Pearce, 1977). One group o f Garrison basalt augites plots along the 
low-Ca side of the augite field and are all from one slide (GSF-36). They span most o f  the length o f the 
augite field, but show no difference in optical properties when compared to the other Garrison augites. The 
brown augites from H12R-7 lie in the upper right part o f the augite field. The brown augites formed late in 
the crystallization sequence and have a higher Fe content than the early-formed phenocrysts. The fact that 
they have a similar amount o f Ca, even though they crystallized from late-stage magma is also typical of 
alkalic rocks (Barberi et al., 1971).
The Elkhom basalts are the closest possible source for the Garrison dikes and sills. The Elkhom 
basalt augites span the gap between the Garrison augite cluster in the upper left side of the augite field and 
the GSF-36 group. The Elkhom augites have slightly less Ca than the Garrison augite cluster on average, 
but there is significant overlap between the two groups. They also have about the same Mg/Fe ratio. This 
suggests that the Garrison and Elkhom  augites were crystallized under similar condition from magmas with 
similar chemistries. The lower Ca-content o f the Elkhom augites may be the result o f higher crystallization 
temperatures. The Elkhom basalts are volcanic rocks and preserved the augite composition through fast 
cooling as compared to the intrusive Garrison augites. Only the augites from GSF-36 vary noticeably from 
the Elkhom and Garrison augite cluster composition. This could be the result o f greater differentiation of 
the magma that formed the dike, or from Ca removal by earlier-formed plagioclase. Augite phenocrysts in 
GSF-36 contain plagioclase inclusions, whereas augites from other slides do not, and the percentage of 
plagioclase phenocrysts is higher than most o f the Garrison basalts. The increase in Fe exhibited by augite 
might also reflect the increase in Fe as the magma continued to crystallize, enriching the remaining liquid 
in less compatible elements.
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Figure 5. From Nesse (1991).
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The Elkhom basalt augites usually overlap the oxide values o f the Garrison augites to some extent. 
The Garrison augites tend to be, on average, lower in S i0 2 (Figure 6a), higher in N a20  (Figure 6a), A120 3 
(Figure 6b), CaO (Figure 6c), and T i0 2 (Figure 6d) and about the same in MgO (Figure 6e), MnO (Figure 
6f), Cr20 3 (Figure 6g) and FeO (Figure 6h). The Elkhom augites overlap in K20  (Figure 6i), but the data 
plots on the low end o f the Garrison augites. As most augites did not contain visible inclusions when 
viewed under a petrographic microscope, inclusions are probably not the source o f the high K20  values. If  
any non-visible inclusions were present, then it is beyond the scope of this study to determine their effect. 
Error for the microprobe is about 0.01 wt%. The similar amounts o f Cr20 3, MgO and FeO in both basalts 
indicate that the magma from which the augites crystallized have undergone the same amount of 
differentiation. The higher T i0 2 and A120 3 is likely caused by the lower S i0 2 in the crystal lattice, as those 
two elements tend to couple together to balance charges (Sack and Carmichael, 1984; Barberi et al., 1971). 
Lower S i0 2 in augite may be related to a lower amount of S i0 2 in the magma from which they crystallized 
(W itkind, 1969). Overall, the Garrison and Elkhom basalt augites show noticeable similarities, although the 
Garrison augites tend to be slightly enriched in incompatible elements.
Brown augites from the Garrison basalt are distinct from the augite phenocrysts in the Garrison 
basalts. They are poorer in S i0 2 (Figure 6a), MgO (Figure 6e) and Cr20 3 (Figure 6g), somewhat richer in 
A120 3 (Figure 6b), and much more enriched in T i0 2 (Figure 6d) and FeO (Figure 6h). These trends can 
easily be explained by the augites forming late in the crystallization sequence o f the magma, in which the 
remaining liquid had already been depleted in compatible elements and enriched in incompatible ones. The 
low S i02  values are most likely caused by the high T i0 2 content, which couples with A120 3 and not S i0 2 in 
the augite crystal matrix. The brown augites do not match augites from any o f the other igneous groups in 
this study.
The Adel Mountains augites come from two types o f mafic rocks. One set is from alkali basalt and
the other from shonkinite (Cunningham, 1999). Two populations appear in the Ca-Mg-Fe ternary diagram
(Figure 5). The overall composition is salite to Ca-rich salite. The alkali basalt augite rims and the
shonkinite augites tend to group together in the right side o f the salite field. The augite cores o f the alkali
41
basalt forms another group just above the traditional salite field.
Four samples from the Adel alkali basalt closely resemble the Garrison augites in their Mg/Fe 
ratio, but with a higher amount of Ca. The alkali basalt augite rim and shonkinite group has a lower Mg/Fe 
ratio and a slightly lower Ca content than the alkali basalt cores, although they still contain more Ca than 
the Garrison augites. The lower Mg/Fe ratio of most o f the Adels augites imply that the magma that formed 
the Adel rocks was more differentiated than that o f the Garrison rocks. The Adels alkali basalt seems to 
have been closer chemically to the Garrison rocks, but experienced a greater change in magma composition 
over the crystallization period of its augites.
M ajor oxides trends plotted against S i0 2 show that the Garrison basalt augites are lower in N a20  
(Figure 6a), A120 3 (Figure 6b) and CaO (Figure 6c) than the Adel augites, but contain more T i0 2 (Figure 
6d), MgO (Figure 6e), MnO (Figure 6f), Cr20 3 (Figure 6g) and K20  (Figure 6i). The Adels contain about 
the same amount o f FeO (Figure 6h) and S i0 2 (Figure 6a), although the Garrison dikes and sills show a 
wider range of FeO values. High CaO and A120 3 are typically found in alkalic rocks and the Adels follow 
this trend (Nisbet and Pearce, 1977; Witkind, 1969). The higher values for the Adels reflect their highly 
alkaline nature, as does Na20 . The higher Cr20 3 amount in the Garrison augites is not surprising 
considering the less-evolved nature of the Garrison rocks. The high K20  values for the Garrison augites are 
unexpected, because the Adels rocks most likely have a higher K20  than the G am son rocks. Little to no 
potassium feldspar is found in the groundmass of the Garrison basalts and biotite is minor. The Garrison 
augites are also lower than the Adels in many of the oxides that are typically high in augites from alkalic 
rocks. It is possible that K-rich minerals forming at the same time as the augites in the Adels and shonkinite 
rocks took up much of the K20 , leaving little to be trapped in the augite crystal lattice. The higher total 
amount o f MgO for the Garrison augites is probably because o f the lower A120 3 content. The Adel augites 
have more A120 3, which takes up the spaces in the crystal lattice that the MgO would have occupied.
The A120 3 values o f the Garrison augites may have been affected by the greater amount of
plagioclase in the rocks, compared to the Adels. W itkind (1969) analyzed augites in the Little Bear
Mountains in the Central Montana Alkalic Province, where a variety o f igneous rock types are found. His
results show a trend of the augites becoming more S i0 2-rich and A l20 3-poor with increasing silica content
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within the magma. A subtle, but slight trend also appears in the Garrison dikes and sills. The Adel 
Mountains augites plot high on the A120 3 side for similar amounts of S i0 2. The Garrison intrusions fall 
between the Adel augites and the Elkhom Volcanics basalt, which also has a low Al20 3/S i0 2 ratio. W itkind 
(1969) noted that the amount o f A120 3 was lower than expected in rocks with a large amount o f plagioclase. 
He thought that the plagioclase likely took up enough o f  the A120 3 available to affect the amount in the 
forming augite.
Two groupings o f augites in the Adels data seen on the Ca-Mg-Fe ternary diagram (Figure 5) also 
show up in the S i0 2 plots. Three outliers usually appear either on the high end o f the S i0 2 plots, or on the 
low end (Figures 6a-6i). These outliers are almost always from the alkali basalt. The low -Si02 cluster is 
from near the crystal rims. The high S i0 2 cluster is generally from the augite cores. The rest o f the alkali 
basalt values plot with the shonkinite augites. The three high-M g augite values on the ternary diagram  are 
from the alkali basalt cores, which plot with the Garrison M gO values. High Cr20 3 and MgO values in the 
Adels data are from the alkali basalt augite cores and the high MnO is from the shonkinite.
A  number o f similarities exist between the Garrison augites and those from the Adels, but the 
Adels have enough differences in the amount of most incompatible elements and CaO that they likely 
formed from different magmas.
The shonkinites from the Ringing Rocks pluton and the Kokoruda Ranch complex are the closest
mineralogically to rocks common in the Central M ontana Alkalic Province. There are some differences that
cause them to form a sub-set o f their own. They tend to have more plagioclase than most shonkinites,
which is likely the result o f mixing with the more granitic magmas associated with the Boulder batholith
(Breuninger, 1995; Johannesmeyer, 1999). Some evidence o f  this can be seen in the Ca-Mg-Fe ternary
diagram (Figure 5). The Kokoruda augites fall below and to the Mg-rich side of the Adel shonkinite augite
group. One o f the Kokoruda granite augites has a composition similar to the Garrison basalt and diorite
augites. The Kokoruda shonkinite augites fall between the Garrison and Adels shonkinite clusters. The
Kokoruda augites have low Mg/Fe ratios, a similar ratio as the Adel shonkinites, but with lower Ca. The
Kokoruda shonkinite show greater magmatic differentiation than the Garrison rocks, but are closer to the
Garrison values in Ca. The Garrison brown augites lie near the Kokoruda augites, but have different optical
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properties, probably from other oxides, such as T i0 2, not taken into account on the ternary diagram.
The Ringing Rocks augites form a cluster that partially overlaps the Garrison group, in the upper- 
left augite comer and the right side o f the endiopside field o f  the Ca-Mg-Fe ternary diagram (Figure 5). 
There is no pattern to the composition o f the shonkinite and granite augites, probably a consequence o f the 
granite inheriting augites from the shonkinite magma (Johannesmeyer, 1999). The Ringing Rocks augites 
have the same Ca content, but a higher average Mg/Fe ratio compared to the Garrison augites.
A higher average SiCF content for the Kokoruda and Ringing Rock augites helps separate the data 
sets from the Garrison group. The Ringing Rocks augites have on average more MgO (Figure 6e) and 
Cr20 3 (Figure 6g), and less A120 3 (Figure 6b), T i0 2 (Figure 6d), K20  (Figure 6i), and FeO (Figure 6h) than 
the Garrison augites, although there is significant overlap. This is probably the consequence of mixing of a 
granitic calc-alkaline magma with the shonkinite (Johannesmeyer, 1999). The pattern o f lower element 
values is very similar to what Johannesmeyer observed in his study between the whole-rock chemistry of 
shonkinite and mafic inclusions w ithin the granite, which had partially equilibrated wit the host rock. The 
less alkaline nature o f the granite likely pulled down the A120 3, T i0 2 and K20  values and increased S i0 2, 
but it does not explain the high MgO or 0 r2O3. It is possible that the high M gO and Cr20 3 points may be 
augites left over from crystallization prior to magma mixing and mingling, as there are more augites that 
fall within the range o f  the Garrison set. Another possibility is that Ringing Rocks augites formed at higher 
pressures than the Garrison augites, which would increase S i0 2, and decrease A120 3 and T i0 2 (Wass,
1979). This would also better explain the higher MgO and Cr20 3 amounts, as the Ringing Rocks augites 
were inherited from the shonkinite.
The Kokoruda augites have on average more N a20  (Figure 6a), and less A120 3 (Figure 6b), TiO? 
(Figure 6d), K20  (Figure 6i) and FeO (Figure 6h) than the Garrison augites, although there is overlap 
between the two groups. Like the Ringing Rocks data, the difference in values can best be explained by a 
difference in pressures at the time o f  crystallization. The Kokoruda Ranch complex is emplaced in the 
Kootenai Formation and the Jurassic Morrison and Swift formations, which are lower in the stratigraphic 
section than the Colorado Group. There seems to be noticeable similarities between the Kokoruda, Ringing
Rock and the Garrison augites in many o f the oxide amounts.
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The Dunkleberg Ridge dike augites appear to be related to the Garrison dikes and sills. The 
Dunkleberg augites almost always plot within the Garrison augite cluster with the exception of Cr20 3, of 
which the Dunkleberg augites contain a noticeably higher average amount. Compared with the Garrison 
augites, the Dunkleberg augites plot on the low side o f N a20  (Figure 6a), T i0 2 (Figure 6d) and FeO (Figure 
6h), and on the high side o f MgO (Figure 6e). They also plot with a slightly higher Mg/Fe ratio on the Ca- 
Mg-Fe ternary diagram (Figure 5). It may be that the Dunkleberg dike is from a slightly less differentiated 
magma than the one that formed the Garrison dikes and sills.
The Garrison diorites show some mineralogical differences from the Garrison basalts. As the only 
age date for the dikes and sills was obtained from one of the diorites, it is important to determine the 
diorites’ relationship to the Garrison basalts. If they are from the same source, then they likely intruded 
about the same time, which is important in their usefulness in interpreting the deformational history o f the 
area around Garrison.
In the Ca-M g-Fe ternary diagram (Figure 5), the Garrison diorite augites also cluster together in 
the upper-left o f the augite field. They have on average a slightly lower Ca content and a lower Mg/Fe ratio 
than the basaltic augites. There is some overlap between the two groups. The cluster o f Garrison augites in 
the middle o f the augite field are from the syenite.
The Garrison diorite augites tend to have slightly higher average S i0 2 (Figure 6a), MnO (Figure 
6f) and FeO (Figure 6h), and lower Na20  (Figure 6a), A120 3 (Figure 6b) and CaO (Figure 6c) than the 
Garrison basalt augites, although almost all o f the values fall within the Garrison basalt augite group. The 
syenite has significantly lower MgO (Figure 6e) and higher FeO (Figure 6h) compared to the other 
Garrison augites. These trends are consistent with the diorites being slightly more differentiated than the 
basalts, but essentially the same. Based on the augite data, it is possible that the diorites and basalts are 
from similar magma sources.
There are almost no chemical differences between the Garrison augite cores and the rims. There is
a slight trend toward decreasing C r20 3 in the rims (Figures 7a-7i). Despite the optical evidence o f zoning,
the core composition appears to be almost exactly the same as the rim in the augite phenocrysts sampled by
the microprobe. The zoning is likely oscillatory in nature.
45
FIGURES 6a-i
Augite cores vs. rims
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Figure 5a. Microprobe results for augite rims and cores. All augites from Garrison rocks are included 
together, except the brown augites.
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Plagioclase - Plagioclase, while still an important mineral for comparison in this study, is a less 
useful mineral for determining associations because o f the lack o f microprobe data from the Adel 
M ountains Volcanics. Although the Adels alkali basalt and shonkinite contain plagioclase, it is limited in 
many o f the rock types there and was not needed for Cunningham’s (1999) thesis. The Ringing Rock 
pluton (Johannesmeyer, 1999) and the Kokoruda Ranch complex (Breuninger, 1995) both have plagioclase 
microprobe data. Plagioclase was microprobed from one o f the Elkhom basalts south o f Elliston for this 
study.
The Garrison basalt plagioclase falls almost entirely above the An 50% line in the An-Ab-Or 
ternary diagram (Figure 8). Most o f  the albite is found in slide H12N-52, which contains some plagioclase 
crystals that are bent and have undulose extinction. It also contains a greater Or component than any other 
group included in this study. The Garrison basaltic plagioclase has up to 8% orthoclase content, but 
averages around 4%, and the diorites average 2-3 %, with some phenocrysts ranging to over 5.5%. This 
indicates that the plagioclase phenocrysts may have formed at higher temperatures before quickly cooling 
enough to retain disequilibrium compositions with the surrounding magma (Winter, 2001, p. 115). A high 
K20  content in the magma may also play a role, as the augites also show elevated amounts for the Garrison 
basalts. The Garrison basaltic plagioclase ranges from An2 to A n79, which is in fairly close agreement with 
the optical results on the high anorthite end in Table 1. The low An values are likely due to alteration, as 
they occur in the more-altered rocks. The wider range of values may be from the larger sampling 
population available with the microprobe, as there are no restrictions on the orientation o f  the grains as 
there are with optical determinations. The albites are from one slide and none have suitable orientation for 
an optical determination. The next lowest is An26, which is closer to most o f the other optically determined 
values.
The Elkhom basalt plagioclase is An4 0 .8 3  on the An-Ab-Or ternary diagram (Figure 8) and 
averages an orthoclase content o f about 3%, but can have as much as 5%. It tends to be slightly less K-rich 
than the Garrison basalt plagioclase and has a modestly higher Ca. This follows the augite trend o f  being a 
little more primitive than the Garrison samples, but less alkaline.
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Figure 8. From Nesse (1991).
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Garrison basalt plagioclase has more S i0 2 (Figure 9a), K20  (Figure 9a), FeO (Figure 9b) and 
Na20  (Figure 9c). They also have less A120 3 (Figure 9d), and slightly less CaO (Figure 9e) than the 
Elkhom  plagioclase. BaO (Figure 9f) is about the same, but there is greater variation in the Garrison 
basalts. The pattern o f lower amounts o f compatible elements and higher amounts o f incompatible ones in 
the Garrison rocks is again repeated in the major element diagrams. The Garrison basalts plot more closely 
to the Elkhom plagioclases than the others.
As no Adels data is available for plagioclase, the Ringing Rocks and Kokoruda data are the only 
available comparison for alkaline rocks. The Ringing Rocks plagioclases are Anig.73 and Kokoruda 
plagioclases are A n^g , on the An-Ab-Or ternary diagram (Figure 8). The orthoclase component is the same 
for both and is usually about 1%, although one o f the Ringing Rock transition plagioclases is 11%. The 
Kokoruda plagioclase has a similar range o f An component as the Garrison basalts, while the Ringing 
Rocks plagioclase is more albitic. Both rocks have less K20 , which may have gone into potassium feldspar 
instead o f the plagioclase. Biotite the only other K-rich phase in the Garrison rocks, was late-forming and 
did not remove K20  as the plagioclase was forming, probably allowing more to enter the plagioclase crystal 
lattice.
The Garrison basalt plagioclase is higher in K20  (Figure 9a), CaO (Figure 9e), FeO (Figure 9e) 
and A120 3 (Figure 9d), and lower in S i0 2 (Figure 9a) and Na20  (Figure 9c) than the Ringing Rocks 
plagioclase. The higher FeO content in the Garrison basalt plagioclase is the same trend as seen in the 
augites. Both show greater differentiation from a primitive source than the Ringing Rocks. BaO is the same 
for both groups.
The Garrison basalt plagioclase is higher in K20  (Figure 9a), FeO (Figure 9b) and A120 3 (Figure 
9d), and lower in S i02 (Figure 9a) and Na20  (Figure 9c) than the Kokomda plagioclase. The higher FeO 
differs from the results seen in the augites. The Kokomda augites contain the same amount of FeO as the 
Garrison basalts. There is more FeO in the Kokomda rocks than those o f  the Ringing Rocks pluton, which 
might have been taken up by the plagioclase. Whole rock analyses for the Ringing Rocks and Kokomda 
rocks are in Appendix D.
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The Garrison diorite shows a wide range o f An amounts within plagioclase. The diorite 
plagioclase ranges from An2.73 (Figure 8). Many of the cores have Ca amounts comparable to those found 
in the Garrison basalts, although the average amount of the An component is lower. This would fit if  the 
diorites evolved from a more-mafic source and contained plagioclase crystals which had formed in the 
more-mafic magma.
The Garrison diorite plagioclase crystals contain less FeO (Figure 9b), slightly less CaO (Figure 
9e) and slightly more N a20  (Figure 9c) than the Garrison basalts. They have similar amounts o f all other 
oxides. These trends fit with the diorites being less mafic than the basalts. The Garrison diorite plagioclases 
have similar amounts o f FeO as the Elkhom basalt plagioclase.
Other minerals - Most o f the other minerals are only minor phases compared to the plagioclase 
and augite, and limited data from other igneous rocks in the area restrict their usefulness in regards to 
determining genetic associations. However, the minor minerals can be used to assist with the 
characterization o f the Garrison dikes and sills by helping to define the association o f the parent magma 
and general trends o f the rocks. Microprobe results are in Appendix A. Recalculation tables for Ringing 
Rocks and Kokomda Fe data are in Appendix B.
The Garrison syenite and one Elkhom basalt sample contain primary amphibole. The Ringing 
Rocks pluton and the Kokomda Ranch complex granite also have data for amphibole. These data sets are 
small and may not be entirely representational.
The amphibole in both the Elkhom basalt and the Garrison syenite is hornblende, based on optical 
properties and general composition (Troger, 1971; Nesse, 1991). Based on criteria from Leake (1978), the 
syenite amphibole is ferro-edenite, a calcic amphibole with a high FeO and moderately high T i0 2 contents. 
It has fairly high K20  and Na20 . This is consistent with the compositions o f both the augites and the 
plagioclase. The Garrison plagioclase and augite has higher amounts o f K20  than minerals from other 
intmsions. The calcic nature of the plagioclase and Ti-rich composition of the augite matches the chemical 
composition o f the Garrison hornblende, indicating high CaO and T i0 2 contents for the Garrison dikes and 
sills. The higher FeO content may also be because o f the more felsic nature o f the syenite, compared to the 
basalts.
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Figure 10a. Microprobe results for amphiboles. Plag is short for plagioclase and shonk for shonkinite.
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Figure 10b. See Figure 10a for explanation.
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Figure 10c. See Figure 10a for explanation.
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The Elkhom basalt amphibole is a ferropargasitic hornblende, also a calcic amphibole, but with a 
higher A120 3 content than the syenite hornblende, using the classification system o f Leake (1978). The 
Elkhom hornblende has lower S i0 2 (Figure 10a), MnO (Figure 10b), FeO (Figure lOh) and higher MgO 
(Figure 1 Ob), A120 3 (Figure lOi) than the syenite hornblende. While ferropargasitic hornblende is typical o f 
alkaline rocks with higher Na than K (Hyndman, 1985, p. 356), there is a noticeable amount o f K20  in the 
hornblende. The syenite contains similar amounts of both Na20  and K20 . The major differences between 
the two hornblendes can be accounted for by the differences in the rock type they are found in. The Elkhom  
hornblende is from a mafic magma and is higher in MgO and A120 3, while the syenite hornblende contains 
constituents more common in felsic rocks.
Amphibole data from the Ringing Rocks (Johannesmeyer, 1999) and the Kokomda complex 
(Breuninger, 1995) is from the reaction rims surrounding augite phenocrysts. The amphibole is edenite, per 
Leake’s (1978) classification system. Edenite is a sodic-calcic amphibole with moderately high amounts o f 
S i0 2 and MgO. Compared to the syenite hornblende, the Kokomda and Ringing Rocks amphiboles are 
higher in C r20 3 (Figure 10a), CaO (Figure 10c), and MgO (Figure 10b), and lower in MnO (Figure lOg), 
K20  (Figure lOd), T i0 2 (Figure lOe), FeO (Figure lOh), Na20  (Figure 1 Of) and A120 3(Figure lOi). There 
are significantly more differences between the Garrison and the Kokomda and Ringing Rocks amphiboles 
than for the plagioclase and augites, although the Kokomda amphibole data plots more closely to the 
Garrison values. The Ringing Rocks amphiboles have samples from each of the major rock types that 
Johannesmeyer identified. The Kokomda sample is from the granite. The Ringing Rocks and Kokomda 
amphiboles are higher in compatible elements, which may be in part due to the influences o f the shonkinite 
magma mixing with the granite (Johannesmeyer, 1999; Breuninger, 1995). The amphibole is also a reaction 
product and may have been influenced by the chemical composition of the augite it was replacing. The 
Garrison amphibole is from a syenite that is primary and shows no interaction with a mafic magma.
The Ringing Rocks pluton and Kokom da Ranch complex contain orthopyroxene that was 
microprobed by Johannesmeyer (1999) and Breuninger (1995) respectively. Only the two eastern diorite 
sills contain orthopyroxene. Slide H12R-8 contains the greatest amount and was microprobed for
comparison. The orthopyroxene is hypersthene (Figure 11), which is consistent with optical data.
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Figure 12c. See Figure 12a for explanation.
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The orthopyroxenes from the Ringing Rocks and Kokoruda plutons are mostly bronzite, with one 
grain from the Kokoruda complex a low-Ca pigeonite. As the Ringing Rocks and Kokoruda orthopyroxene 
fall in the same group on the Ca-Mg-Fe ternary diagram (Figure 11), they are considered together for 
comparison to the Garrison sample.
The Garrison hypersthene has higher M nO (Figure 12g), FeO (Figure 12b) and K20  (Figure 12c), 
and lower Cr20 3 (Figure 12d), M gO (Figure 12e), S i02 (Figure 12a) and A120 3 (Figure 12f), and slightly 
lower N a20  (Figure 12a) than the Ringing Rocks and Kokoruda bronzite. All have similar amounts o f CaO, 
but the Garrison hypersthene is richer in FeO, which matches the overall high amounts found in the 
Garrison augite and plagioclase for both the basalts and diorites. The orthopyroxene in the Ringing Rocks 
and Kokoruda plutons is the result o f the reaction o f the mafic minerals in the shonkinites by mixing with 
the felsic magma and may have inherited the higher MgO content from the more primitive magma.
Red -brown and orange biotite from the three Garrison diorites, the syenite and one basalt were 
analyzed to determine the T i0 2 content. The diorites have larger primary crystals and are more suitable for 
microprobe analysis than the basalts. The compositions from the diorites are fairly consistent and have 
T i0 2 contents ranging from 4-7.5% (Appendix A). The three grains from the basalt all have low oxide 
totals and appear to have rather low amounts o f A1 and Si to be biotite (Scott Cornelius, personal 
communication). This could be an artifact o f  the low total, or the grains are a phyllosilicate other than 
biotite. M ost o f the grains are too small for determining optical properties.
As opaque minerals can only be tentatively identified in reflected light, several were analyzed to
determine more accurately their composition (Appendix A). The Garrison basalt, Garrison diorite,
Dunkleberg Ridge and Elkhom basalt all contain Ti-rich magnetite. Ti-rich magnetite is a typical Fe-oxide
found in alkalic rocks. The magnetite from the Dunkleberg Ridge dike also has a high amount o f A120 3 and
Cr20 3. M agnetite microprobed from the Garrison basalt, the Elkhom basalt and one from the diorite contain
moderate amounts o f A120 3. Magnetite in alkalic basalts is typically higher in T i0 2 (Hyndman, 1985, p.
204) than the Garrison magnetite, but it is still enriched. This is consistent with the high amounts o f T i0 2
found in co-existing augite and biotite. The Garrison syenite contains ilmenite. The presence o f both
magnetite and ilmenite in a rock indicates that the rock formed under moderate 0 2 pressures (Hyndman,
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1985, p. 254-255).
Several o f the Garrison basalt slides have a mineral with low birefringence and a pebbly 
appearance, which is associated with alteration o f mafic minerals. Too small for optical determination, the 
crystals were microprobed from two slides to determine their composition. The results show them to be 
garnets ranging between grossular and andradite. One is in the andradite-pyrope solid-solution series. Such 
garnets are most commonly formed as the result o f a metamorphic reaction (Nesse, 1991).
W hole-rock
W ashington State University analyzed three samples o f diorite and one o f syenite from the 
Garrison area by X-ray fluorescence. None o f the basaltic rocks are suitable for chemical analysis because 
o f significant amount o f alteration o f the intrusions. The analyzed totals o f the samples averaged around 
97.4% for the diorites and 98.5% for the syenite. The low totals may be the result o f alteration o f the 
samples. The amount o f biotite and hornblende, both hydrous minerals, may have also had an effect in 
lowering the total. LOI for the diorites averages about 2% and the syenite is about 0.80%. S and Cl detected 
in a semi-quantitative scan account for some of the LOI amounts. XRF results are in Appendix C.
Major element chemical analyses exist for many o f the types o f rocks that make up the Boulder 
batholith (Smedes, 1966; Rutland, 1989; Watson, 1986; Lambe, 1981 Butler, 1984), the Adel Mountains 
Volcanic field (Cunningham, 1999), the Kokoruda Ranch complex (Breuninger, 1995) and the Ringing 
Rocks pluton (Johannesmeyer, 1999). Trace-element data is available for Adels, Kokoruda complex and 
Ringing Rocks pluton rocks, but is limited for Boulder batholith rocks.
M ajor elements - The Garrison rocks have all Fe reported as FeO, as do the Adel Mountains, 
Kokoruda Ranch complex and Ringing Rock. The Fe data from the Boulder batholith analyses from 
Smedes (1966), Rutland (1989), Watson (1986), Lambe (1981) and Butler (1984) is split between FeO and 
Fe20 3 or reported entirely as Fe20 3. Fe20 3 has been recalculated here as FeO for the purposes o f 
comparison. Recalculation tables are in Appendix D.
Based on major-element percents, the diorites span the boundary between mafic and intermediate
compositions with S i0 2 between 50-54% (Appendix C). The two eastern sills are technically mafic rocks,
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because their S i0 2 amounts are under 52%. The western sill falls in the intermediate category with S i0 2 at 
about 54%. The rocks were initially identified as diorites based on mineralogy. Because o f the high K20  
and N a20  content o f the rocks and more-felsic nature compared to the basalts, they continue to be 
considered diorites in this study.
The two diorites and the syenite are peraluminous. These rocks have an excess o f Al2 0 3  compared 
to their N a20 ,  K20  and CaO contents. The middle sill is technically metaluminous, but falls just below the 
boundary between the two categories and fairly close to the values o f the other rocks. Abundant biotite and 
amphibole along with a large amount o f feldspar is consistent with this result. Considering the large amount 
o f plagioclase and minor biotite in the basalts, they are likely near the metaluminous-peraluminous 
boundary also. The total amount o f A120 3 is moderately high, but lower than the average for mafic 
continental calc-alkaline rocks (Green, 1980).
The Mg number o f the diorites is between 50 and 55. This indicates that a moderate amount o f 
differentiation has taken place. Despite the low Mg numbers, the Garrison diorites have high amounts o f 
MgO as compared to other rocks in the region, even considering their mafic nature. As the high amount o f 
MgO could not have been assimilated from the felsic and sedimentary country rock, this is likely a feature 
o f  the source magma. The two eastern-most sills have the highest M gO o f the three. The western-most sill 
is more evolved with a lower Mg number and lower total MgO. All three also contain a considerable 
amount o f Fe. which is also likely from the source magma. The mantle is the likely source for the Garrison 
diorites.
The diorites have fairly high amounts o f K20  and Na20  for their S i0 2 content (Hyndman, 1985, p.
381). They fall in the high-K calc-alkaline series (Figure 13) and the K-series (Figure 14). They do not
have sufficient K20  to be shoshonitic, but they do plot with the Kokoruda plagioclase shonkinites and the
Boulder batholith mafic rocks. Most o f the Adel rocks plot in the shoshonitic series. The syenite is the only
Garrison rock type that plots in the shoshonitic and high-K fields. The chemical affiliation based on
alkalinity is closer to the Boulder batholith and satellite plutons than the Adels. A K20 /N a20  o f 0.6 for 50%
S i0 2 is considered K-rich (Morrison, 1980). The diorites have distinctly higher ratios at similar to slightly
higher S i0 2 levels, corresponding with results from Figures 13 and 14. The total amounts o f alkalis are not
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enough to place the diorites into the shoshonite association, although they are alkalic compared to most 
calc-alkaline rocks.
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F ig u re  11. From Peccerillo and Taylor (1976). Boulder batholith mafic includes mafic and intermediate 
main series rocks associated with the Boulder batholith with S i0 2 amounts under 57%. Boulder batholith 
felsic includes intermediate and felsic main series rocks with S i0 2 57% and above.
Major-element oxides plotted against both S i0 2 and M g number show different trends. Alkaline 
rocks tend to be lower in S i02 than more common igneous rocks, which can obscure some overall trends 
between groups, especially along differentiation trends. The M g number graphs can show some o f  these 
more clearly, especially the amount of enrichment o f  incompatible elements.
In major oxide plots, the Garrison diorites have higher P20 5 (Figure 15a) and MgO (Figure 15b) 
than the mafic units associated with the Boulder batholith. The Garrison rocks have slightly lower Na20  
(Figure 15c). All other oxides have similar values. This is som ewhat different from the mineral 
composition data, which contain more incompatible elements than the Boulder batholith mafic rocks. The 
differing results could indicate that minerals may have formed under different conditions and accepted
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different amounts o f elements into the crystal lattice or that mineral compositions arc not very reliable 
indicators o f  magma composition w ithout more knowledge about the conditions o f  formation. Similar 
results can be seen in the M g-number plots (Figures 16a-i), although the trends can be seen more clearly.
ri'gh-K  se rie s
F igu re 12. From M cBimey in W inter (2001). Boulder batholith mafic includes mafic and intermediate 
main series rocks associated with the Boulder batholith with S i0 2 amounts under 57%. Boulder batholith 
felsic includes intermediate and felsic m ain series rocks with SiC>2 57% and above.
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* Garnson syenite
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In variation diagrams o f  the m ajor oxides plotted against S i02, there is a fair amount o f overlap 
between the Adel Mountains Volcanics and the Boulder batholith. The diorites fall along the same trends as 
the mafic units o f  both igneous centers. The Garrison diorites plot near the Adels in K20  (Figure 15d) and 
A120 3 (Figure 15e) and overlap in P20 3 (Figure 15a), MgO (Figure 15b), FeO (Figure 15f), MnO (Figure 
15g) and CaO (Figure 13h). In the M g num ber plots, the Adel mafic rocks have noticeably higher P20 5 
(Figure 16i), andN a20  (Figure 16e), lower S i0 2 (Figure 16a), MgO (Figure 16c) and T i0 2 (Figure 16g) and 
slightly lower CaO (Figure 16d) than the Garrison diorites. This shows the more alkaline nature o f the 
Adels rocks compared to the Garrison diorites. The Adels also have significantly lower M g numbers even 
for the mafic shonkinites and alkali basalts.
70
F IG U R E S  15a-i
Whole rock analysis
0.800  
0 .700  
0 .600  
0 .500  
9  0 .400
£L
0.300  
0.200 
0.100 
0 .000
40 .00  50.00 60 .00  70.00 80.00
S i0 2
_ __ •  Gamscrs dionte
■ Garrison syenite
A Bouider bathulith mafic 
X Bouider batholith felsic
•  Boulder batholith sodic
• Ringing Rocks mafic 
Adels
■ Adeis basalt 
o  KoKoruda
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main series rocks associated with the Boulder batholith with S :02 amounts under 57%. Boulder batholith 
felsic includes intermediate and felsic main series rocks with S i02 57% and above.
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Figure 15b. See Figure 15a for explanation.
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Whole rock analysis
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F ig u re  15c. See Figure 15a for explanation.
Whole rock analysis
12.00
o
CM
2
10.00
...
cm -.
50.00 60.00 70.0040.00 80.00
♦  Ganisori diorite 
m Garrison syenite
A  Bouider bat.iol.th matic 
X  Bouider bathontn relsic
•  Boulder bathontn sodic 
-  Ringing Rocks mafic
Adels 
B Adels basalt 
o  Kokoruda
Figure 15d. See Figure 15a for explanation.
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Figure 15f. See Figure 15a for explanation.
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The Ringing Rocks pluton shows higher K20  (Figure 15d), slightly higher P20 5 (Figure 15a), and 
lower CaO (Figure 15h), MnO (Figure 15g), FeO (Figure 15f) and T i0 2 (Figure 15i) than the Garrison 
diorites. The more incompatible elements tend to be higher and compatible elements lower in the Ringing 
Rocks data. The differences could be the result o f the mixing o f a granitic magma with the shonkinite. The 
Mg number plots also show lower S i0 2 (Figure 16a) for the Ringing Rocks pluton.
The Kokoruda Ranch complex has slightly higher K20  (Figure 15d), and slightly lower T i0 2 
(Figure 15i) and M nO (Figure 15g) than the Garrison diorites. All other oxides have the same values. This 
trend can be explained by the mixing and mingling o f a granitic magma with the Kokoruda shonkinites. 
There are greater similarities between the Garrison diorites and the Kokoruda shonkinite than with the 
Ringing Rocks shonkinite. These trends are repeated in the M g number plots (Figures 16a-16i). The two 
rock groups have similar M g numbers also.
The Garrison diorites are high in MgO, even when compared to the mafic units o f the Boulder 
batholith. Only one Boulder batholith rock is high in M gO and that one was collected from the Ringing 
Rocks pluton and fits with that data set. The Kokoruda complex and Ringing Rocks pluton. samples are also 
high in MgO and are most like the Garrison diorites. The Garrison syenite plots with the felsic rocks o f 
both the Adels and the Boulder batholith.
The Adels, Boulder batholith mafic rocks, Garrison diorites and the Kokomda complex all are 
high in CaO. The Ringing Rocks plot lower with the more felsic rocks. The Boulder batholith, Ringing 
Rocks and the Garrison diorites are all high in T i0 2. One sample of the Kokoruda complex is as high, but 
the rest are noticeably lower as are the Adels.
The Garrison diorites are lower in A120 3 than the Adels and the mafic Boulder batholith rocks.
The Ringing Rocks and Kokoruda complex values are about the same to a little less. Johannesmeyer 
interpreted the plagioclase shonkinites o f the Ringing Rocks pluton to be a primary mantle melt 
(Johannesmeyer, 1999).
T i0 2 plotted against the Mg number o f the rocks reveals some interesting trends. The Adels and
some of the Boulder batholith rocks show a decrease in T i0 2 with decreasing Mg number. The Ringing
Rocks pluton, Kokoruda complex, the mafic Boulder batholith rocks and the Garrison diorites all show
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increasing T i0 2 with decreasing Mg number.
N orm ative m inerals - The Norm3 program calculated normative mineral compositions for the 
diorites and syenite. Magnetite and some ilmenite are present in the diorite sills and ilmenite is present in 
the syenite. This indicates that some o f  the Fe is present as Fe20 3. The Washington State University 
analytical lab did not determine the FeJ+/Fe2+ ratio, so a ratio needs to be estimated to more accurately 
determine normative mineral amounts. Most o f the data from the Boulder batholith indicates that Fe20 3 
constitutes about 30% o f the total Fe, while the Ringing Rocks have 40-50% Fe as Fe20 3 (Appendix B). A 
ratio o f 0.45 Fe20 3 seems reasonable for the Garrison rocks, considering their alkaline nature. The diorites 
are all oversaturated with respect to S i02 (Table 2). Normative quartz ranges from 3 to 7%. Plagioclase is 
the dominant mineral, followed by pyroxene. Plagioclase has a higher anorthite component in the eastern 
sills along Highway 12 (H12R-1W and H12R-8), but has fairly large amounts o f albite. The western sill 
(190R-69) has a greater albite component. This supports the alkaline nature of the diorite sills. Pyroxene is 
about equally divided between diopside and hypersthene in all three o f the sills. The syenite has a high 
quartz component not seen in the mineralogy o f the rock. As expected, it does have a large amount o f 
orthoclase and albite.
Normative Minerals
At .45 Fe20 3 
Vol%
diorite
H12r-1W
diorite
H12R-8
diorite
I90R-69
syenite
H 12R-10
quartz 1.58 1.85 20.64 5.54
anorthite 25 .77 27.46 2.56 23.26
albite 18.3 22.43 32.9 24 .4
orthoclase 12 .59 13.78 41.24 18.31
diopside 18.34 15.44 0.17 11.78
hypersthene 18.9 15.02 1.64 12.54
ilmenite 0 .99 1.04 0.28 1.16
m agnetite 2 .79 2.34 0.41 2.13
apatite 0 .63 0.6 0.08 0.86
zircon 0.01 0.02 0.08 0.02
chromite 0.03 0.03 0.03
Table 2
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T race  elements - While major elements are important for determining many trends and 
associations in igneous rocks, they are more likely to be buffered during differentiation o f magmas than 
elements that have low amounts. Discriminating between magmas that may have been derived from 
different sources, but formed in similar ways is not always possible with m ajor elements. Trace-element 
data is better at discriminating between different magmas. Unlike major elements, trace elements are not 
buffered in magmatic systems because o f their small concentrations. They tend to obey H enry’s Law 
because of this. When their concentration is doubled, the amount found in the minerals they are partitioned 
into also doubles. This leaves a distinct indicator in the rocks being examined and provides a way of 
distinguishing rocks from different sources (Winter, 2001, p. 155-6).
The Garrison diorites and syenite can be compared to most o f the igneous groups in the region 
using trace elements. Limited data on trace elements is available for the Boulder batholith, but mostly for 
the more felsic rocks, which restricts the usefulness of most o f the comparisons. Suitable data is available 
for the mafic units o f the Kokoruda Ranch complex and the Ringing Rocks pluton.
The lower amounts o f Ni and Cr for the Garrison diorites agrees with the MgO and FeO data from 
the minerals microprobed and the whole-rock data indicating that the diorites crystallized from a magma 
that has undergone some fractionation from the parent magma.
Trace-element data compared to Mg number shows trends much more clearly than the S i0 2 plots. 
The Mg-number graphs tend to group the element data differently than with many typical igneous rocks. 
The S i0 2 (Figures 18a-18q) graphs can be useful in looking at trace-element trends within particular 
groups, but sometimes obscure overall trends between the groups. In this, the M g number (Figures 17a- 
17q) graphs can be more helpful. While both are included in the following comparisons o f  the Garrison 
diorites to the other igneous groups, the emphasis will be on the Mg-number graphs.
The diorites usually plot close together, although the western sill tends to plot slightly farther
away than the eastern two. La (Figure 17q), Cu (Figure 17m) and Pb (Figure 17c) show the greatest
deviation o f the western sill from the other two. This is probably explained in part by the different
mineralogy o f the western sill and by its slightly more evolved nature, compared to the eastern two. Despite
these differences, they appear to all be closely related.
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Figure 17a. Whole rock trace element results plotted against M g number. Boulder batholith data includes 
mafic rocks not associated with shonkinite satellite plutons. Some felsic rocks are included for comparison 
to the Garrison syenite. Boulder batholith rocks are not separated into mafic, intermediate and felsic 
categories due to the small number o f data points in each group.
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Figure 17b. See Figure 17a for explanation.
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Figure 17d. See Figure 17a for explanation.
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Figure 17h. See Figure 17a for explanation.
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Figure 17j. See Figure 17a for explanation.
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F igu re 17m. See Figure 17a for explanation.
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Figure 17n. See Figure 17a for explanation.
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Figure 17p. See Figure 17a for explanation.
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Figure 17q. See Figure 17a for explanation.
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Figure 18b. See Figure 18a for explanation.
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The Boulder batholith mafic rocks have higher Ni (Figure 17a), Nb (Figure 17b) and Pb (Figure 
17c), and lower Zn (Figure 17d) than the Garrison diorites. There is no data for V, Cr, Sc, La or Ce for the 
Boulder batholith or mafic rocks associated with it other than those from the Ringing Rocks pluton or the 
Kokoruda complex. Many of the differences between the Garrison and mafic groups are fairly small, but 
there are enough that the two are not likely to have closely related magma sources.
The Adels mafic rocks have higher Ba (Figure 17e), Rb (Figure 17f), Sr (Figure 17g) and Pb 
(Figure 17c), slightly lower Nb (Figure 17b) and Zr (Figure 17h), and lower Ni (Figure 17a), Cr (Figure 
17i), V  (Figure 17j), Y (Figure 17k) and Ce (Figure 171) than the Garrison diorites. The Adels alkali basalts 
have similar values as the Adels shonkinites, except for a few trace-elements. The alkali basalts have the 
same Rb (Figure 17f) and Pb (Figure 17c), and lower in Zn (Figure 17d) as the Garrison diorites. The most 
distinct differences between the diorites and the Adels mafic rocks can bee seen in the V, Ba and Y plots. V 
is usually is partitioned into Ti-Fe oxides (Green, 1980). Both the alkalic basalt and shonkinite from the 
Adels show noticeable lower amounts o f V. The alkalic basalts from the Adels and the Garrison depression 
have similar mineralogies and should not have such different values if the two were derived from the same 
source. High Ba values are common in alkalic rocks, which tend to be enriched in incompatible elements, 
and the Adels are no different. Y shows less separation between the two groups than the other two 
elements, but the Adels still contain less than the Garrison diorites. There are enough differences betw een 
the Garrison diorites and both mafic groups of the Adels that they are not likely derived from the same 
magma.
The Ringing Rocks shonkinites have higher Ni (Figure 17a), Cr (Figure 17i), Rb (Figure 17f), Nb 
(Figure 17b) and Cu (Figure 17m), slightly higher Zr (Figure 17h), Pb (Figure 17c) and Th (Figure 17n), 
and lower Sc (Figure 17o), V(Figure 17j) and Zn (Figure 17d) than the Garrison diorites. The Mg number 
o f the shonkinites is higher than the Garrison diorites, as is the amount o f  S i0 2. The differences are usualiy 
smaller than those between the Adels and the Garrison diorites, but still distinct enough that the magmas 
are likely from  different sources.
The Kokoruda shonkinites have slightly higher Sr (Figure 17g), and slightly lower Zn (Figure 17d)
than the Garrison diorites. The two groups have about the same Mg number. The similarity' in values
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between the two groups is quite noticeable and even where, there are differences, their values still tend to 
overlap to some extent. It seems very likely that the source magma for these two groups formed from 
similar sources under similar conditions.
Ratios o f trace elements are also very useful in discriminating between different magma batches. 
Ratios o f incompatibles are good for distinguishing magma sources, because as the magmas evolve, the 
total amounts o f incompatible elements increases, but the ratio of the amounts remains the same (Winter, 
2001, p. 369). Both Ba vs. Y  (Figure 19a) and Ba vs. Zr (Figure 19b) show the Garrison diorites have 
similar ratios to the Kokom da and Ringing Rocks shonkinites, but distinctly separate from Adels. The 
Adels alkalic basalt and shonkinites are derived from a different magma source than the Garrison diorites. 
Nb vs. Y (Figure 19c) shows the Garrison diorites plotting separately from Ringing Rocks shonkinites, 
which formed from a different magma source. There is possible separation o f the Boulder batholith and 
associated mafic rocks, and Garrison groups, but the Boulder batholith and associated mafic rocks data is 
not precise enough to form a clear determination. Nb vs. Zr (Figure 19d) shows better separation o f the 
Garrison and Boulder batholith data, indicating different magma sources. Nb/Zr vs. Y/Zr (Figure 19e) 
shows the Garrison diorites separate from the Ringing Rocks and possibly the Boulder batholith groups. In 
all graphs, the Garrison diorites fall within the same group as the Kokoruda shonkinites. The similarity o f 
the amounts and ratios of the trace-element data for the Garrison and Kokoruda rocks supports the groups 
being derived from the same magma source.
LIL and HFS elements normalized to chondritic values (Figure 20) show enrichment patterns that
can indicate involvement o f certain minerals in the evolution o f rock types and overall trends that are
important in identifying rock associations. The diorite sills show similar trends, except slight enrichment o f
most elements in the western sill and low Th in the central sill. The syenite generally follows the diorite
trends, but shows definite enrichment in most categories, except Ba, Sr, P and Ti. The Ba is harder to
explain, because it is generally incompatible and tends to be partitioned into potassium feldspar (Green,
1980), which is abundant in syenite. Sr can substitute for Ca in plagioclase (Green, 1980) and can be
explained by the greater amount in the diorites than the syenite. Ti is usually partitioned into Fe-oxides
(Green, 1980). Magnetite and ilmenite are more abundant in the syenite, but the diorites also have Ti-rich
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biotite and augite, which may have influenced the amounts.
Syenites in the Central Montana Alkalic Province are likely the result o f  liquid immiscibility 
within the parent magma. Immiscibility produces several key features in trace-element patterns in 
experimental data. Zr and La are preferentially partitioned into the mafic melt (W atson, 1976). They are 
higher in syenite, not in the diorites. The diorites and syenite also have different Fe/M g ratios (Appendix 
C). Similar Fe/Mg ratios would indicate the liquids were in equilibrium (Kendrick and Edmond, 1981). 
Based on both field evidence that does not indicate any immiscibility relationship between the two and the 
chemical data, it does not seem likely that the syenite resulted from immiscibility separation from the 
diorite.
Although the Garrison diorites are more similar in mineralogy to the Central Montana Alkalic 
Province, they often plot more in line with trace-element values o f the Boulder batholith. The alkaline 
nature o f  the Garrison dikes and sills also suggests a possible relationship to the more alkalic units from the 
satellite plutons o f the Boulder batholith. There is more similarity between the Garrison diorites and the 
Ringing Rocks pluton than the Adels rocks, but there are still some important differences. The Garrison 
diorites are almost always associated with the Kokoruda complex values. Sometimes the Kokoruda 
complex plots with the Boulder batholith and sometimes it lies between the Boulder batholith and the Adel 
Mountains.
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Figure 20. L IL  and  H FS  e lem ents n o rm alized  to  chondrite  values. C hondrite  v a lues from  
Anders and Grevesse (1989). 1W and 8 are the eastern diorite sills along HW Y 12 and 69 is the shonkinitic 
diorite sill along 1-90. 10 is syenite from diorite sill 8.
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DISCUSSION
Models
The Garrison dikes and sills have chemical and mineralogical characteristics that cannot be 
attributed to either a source from the Adels Mountains Volcanic field or from the Elkhom  Mountains 
basalts. The Garrison rocks were likely formed one of two ways. They may be the result o f the mixing and 
mingling o f magma from two or more sources to form the intrusions, or they may have been derived from a 
source that is separate from that o f the Adels and the Elkhom basalts.
M ultiple magma sources - M agma mixing and mingling is commonly identified through the 
presence of two distinct compositions in a rock or outcrop. This can be determined on the outcrop using 
evidence such as inclusions o f one rock type in another, often with chilled margins and crenulate margins, 
and gradational margins between the two rock types. Petrographic evidence o f magma mingling and mixing 
includes complex zoning in phenocrysts and abrupt changes in composition of the minerals. Xenocrysts 
may also be found from one or more of the source magmas. The xenocrysts might more closely match one 
or the other o f the original m agm a’s composition. Whole-rock chemical data is more useful in determining 
magma mixing and mingling relationships. A rock resulting from the mixing of two magmas should fall 
between end member compositions. Trace-element patterns are also quite useful in determining if  this 
model might be a possibility because their amounts tend to very more between different magmas and their 
uptake in certain minerals (Winter, 2001, p. 210; Johannesmeyer, 1999).
Single magma source - If  the intrusions are from oniy one source, then the minerals and chemical 
data should closely match that from one of the igneous provinces. Possible sources for the Garrison dikes 
and sills include the magma that also formed the basalts associated with the Boulder batholith and the alkali 
basalts o f the Adel Mountains Volcanic center. Major- and trace-element patterns o f rocks from the same 
source should be very similar. If the intrusions match neither, then a third source needs to be considered. It 
could be that the underlying mantle is intermediate between the two provinces and produced one magma 
with characteristics of both provinces.
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The dikes and sills
As the basalts in the Garnson depression are too altered to produce reliable whole-rock chemical 
analysis, their chemical association must be inferred by other means. The composition o f the microprobed 
minerals can provide some information on the rocks’ chemistry. The similarity of the mineral composition 
with minerals from other rocks can also provide clues to its source, especially if  the other rocks have 
known igneous associations.
The mineral assemblage and the mineral composition of the Garrison dikes and sills establish their 
alkaline nature. The mineral assemblage o f the basalts includes biotite, Ti-rich augite and altered olivine. 
These minerals are found in alkalic basalts in general, although olivine is usually not altered (Hyndman, 
1985, p. 234). High K20  contents o f the augites and plagioclase, and the high percentage of T i0 2 in the 
Gam son rocks, as well as hypersthene in the diorites, also support their alkaline affinity.
Alkalic augites usually have high A120 3 values, often above 3% (Nisbet and Pearce, 1977; Wass, 
1979). The Garrison augites are somewhat lower in A120 3, although a few have higher amounts. Many o f 
the oxide values tend to fall at the low end of what is generally recognized for alkalic minerals and at the 
high end for other types, such as calc-alkaline (Nisbet and Pearce, 1977; Schweitzer et al., 1979).
The brown augites in the Garrison basalt can be used to help determine differentiation trends 
within the basalt. Differentiation trends for alkalic augites generally follow a parallel trend to the Di-Hd 
join, which follows the top of the augite field (Sorensen, 1974; Barberi et al, 1971). They show a decrease 
in Mg/Fe in Figure 3, which follows the Di-Hd join. T i0 2 and S i0 2 contents are inversely proportional in 
clinopyroxene (Sack and Carmichael, 1984). It is difficult to say if the lack o f S i0 2 caused the brown 
augites to take up more A120 3 and T i0 2, or if the abundances o f these oxides kept the S i0 2 out o f the 
crystal lattice. The rough trend following the join and the overall changes in mineral chemistry are 
consistent, however, with an alkalic rock.
Another constraint on the chemical composition o f the basalt can be made by using its relationship
with the Garrison diorites. Whole-rock chemical analysis o f the diorites can be used in conjunction with the
chemical similarities of the mineral compositions. The mineral comparisons are still limited, as only augite
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and plagioclase have large enough sample sets to obtain an idea o f  the average and range o f mineral 
composition.
The Garrison dikes and sills have only m inor differences between the optical properties o f the 
augites o f the basaltic and diorite intrusions. Chemically, they tend to group together, although the augites 
from the diorites show slightly more evolved trends in their oxide components than the basaltic ones, such 
as a higher Fe/Mg ratio, higher MnO and slightly higher S i0 2 contents. Witkind (1969) noted that the 
augites in the Little Belt Mountains were strikingly alike in their optical properties, even over a large 
variation o f composition of the igneous rock in which they formed. He noted that this is typical for the 
Central Montana Alkalic Province. This type o f analysis is valid for groundmass augites. While most 
augites from the Garrison rocks are phenocrysts, little difference can be seen in the optical properties from 
the basalts, diorites and syenite. M any o f the chemical characteristics are also similar, with most o f the 
variation being in the Mg/Fe ratio. The diorites and syenite also follow the standard pattern of 
differentiation from the basalt augites paralleling the Di-Hd join in Figure 3. This increases the likelihood 
that the}' are related or came from a similar source. One important difference is the diorites have a large 
amount o f mafic minerals, higher even than that o f the basalts. W hether this is due to separation o f some of 
the mafic minerals in the basalt before intmsion or possible crystal settling within the diorite sills that 
increased the amount o f heavy mafic minerals in the samples collected is unknown.
The large amount o f plagioclase indicates a high A120 3 and CaO content o f the magma that 
crystallized to form the Garrison basalts. W hile Al-saturation is more often used for differentiating granites, 
it tends to be a feature that holds for the magma series o f which a rock is a part. This includes the whole 
range from mafic to felsic and is likely an artifact o f the magma source (Winter, 2001, p. 346). The diorites 
also have moderately high A120 3 contents, indicating a possible genetic link between the two.
The diorite minerals generally have higher incompatible elements and lower compatible ones. The
remaining oxides overlap almost perfectly. There is enough overlap with the Garrison basalts that there is a
good chance that the two are related through fractionation, based on mineral compositions. The lower
MgO/FeO ratio in the augites and the trend between the groups that parallels the Di-Hg tie-line strengthens
this conclusion. The basalts have more oscillatory and reverse zoning in plagioclase than the diorites,
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indicating a more complex crystallization history. The augites in the basalts also tend to contain more 
prominent zoning than the diorite augites. Complex zoning usually occurs when crystals are convected 
around a magma chamber or come in contact with magmas of a different composition.
The more-calcic nature of some o f the plagioclase cores in the diorite indicates that they were 
inherited from a more-basic source, with compositions as high as A n80. Fractionation from a more-mafic 
magma is one explanation for this. The Garrison basalts have the requisite plagioclase composition to 
supply such plagioclase. The other explanation is that the diorites may have inherited the more-calcic 
plagioclase from the mixing o f a more-calcic magma with a more-felsic one. Whether this is from magma 
mixing or the evolution o f the parent magma cannot be determined at this time.
The mineralogy o f the diorites is also comparable with that o f the basalts. It is somewhat more 
felsic with primary quartz and potassium feldspar in the groundmass. There is a greater amount o f primary 
biotite and minor hypersthene. Both also contain apatite, allanite, sphene and Ti-rich biotite. As these 
minerals are all indicators for higher amounts o f incompatible elements, this too suggests similar magma 
compositions. There are enough similarities between the Garrison diorites and the basalts to infer as genetic 
link based on mineralogy.
I f  the Garrison diorites and basalts are indeed related, inferences about the basalts’ chemical
nature can be made based on the diorites' whole-rock chemistry. The whole-rock chemical analyses
confirm the alkaline nature o f  the Garrison diorites and syenite, which is also apparent in the mineralogy of
the basalts. The basalts likely have high amounts o f FeO and MgO, which may explain the higher levels o f
each in the augites. The basalts are probably more primitive than the diorites, based on the lack o f primary
quartz and potassium feldspar and the presence of olivine. The diorite augites were also clearly out o f
equilibrium with the remaining melt, whereas the basalt augites appear to have no reaction rims. The
presence of primary quartz in the diorites does present a problem, because alkalic basalt magmas do not
evolve into quartz-rich rocks (Hyndman, 1985, p. 377). While the diorites are not quartz-rich, they are
clearly SiCF-saturated. The Ringing Rocks shonkinite contains minor quartz, but was mixed with a granitic
magma that increased its SiCF content (Johannesmeyer, 1999). If  the diorites did evolve from the Garrison
basalts, then either they mixed with a more SiCF-rich magma, assimilated quartz-rich rock, or the G am son
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basalts may be more transitional than alkalic, although the similarity in mineral compositions argues 
against this.
Syenite is usually associated with the Central Montana Alkalic Province mafic rocks where some 
o f it appears to be the result o f liquid immiscibility o f the parent magma (Kendrick and Edmond, 1981, 
Hyndman, 1985). The syenite was observed to be associated with only the diorite intrusions. No syenite 
appears to cut any o f the basaltic dikes and sills, or to cut the country rock, however this may be the result 
o f poor exposure rather than lack o f occurrence. There is no evidence in outcrop or thin section that 
suggests that the syenite formed from liquid immiscibility. No oscilli o f syenite appear in the diorite, or of 
diorite in the syenite, and the contact between the two is sharp. There is alteration o f the diorite along the 
contact o f the syenite and the diorite, showing that the syenite intruded at a later date into an already 
solidified sill. The chemical evidence also does not support immiscibility based on trace-element amounts. 
The syenite is enriched in La, Zr and Rb, all o f which partition into the mafic melt in immiscibility 
experiments (Watson, 1976). As no whole-rock chemical analyses are available for the Garrison basalts, it 
is hard to determine the syenite’s relationship to the basalt. No field evidence supports liquid immiscibility 
between the two. It may be possible that the two are related through differentiation, but without further 
data, this cannot be explored at this time.
The dike on Dunkleberg ridge, while not in the Garrison depression, also appears to be related to 
the Garrison dikes and sills. The Dunkleberg Ridge augites tend to fall in the same group as the Garrison 
basalts, except being slightly lower in T i0 2 and higher in Cr20 3. Their MgO/FeO ratio is also higher. They 
are likely from the same source as the Garrison dikes and sills, though they seem slightly more primitive 
and may be closer to the original magma composition. The similarity o f the Dunkleberg Ridge dike to the 
intrusions in the Garrison area supports Sears et al.’s (2000a) idea that the dikes and sills may be part o f a 
larger complex in the region.
Relationship to the Boulder batholith and Adel Mountains Volcanic center
The Garrison basalt dikes and sills have too little potassium feldspar to truly belong to a
shonkinite suite, but do have a noticeably alkalic composition. The western-most diorite sill can, however,
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be placed in the shonkinite suite based on mineralogy and whole-rock chemistry. The whole-rock chemical 
similarities of the other two diorites to the western sill show their alkaline affinities more than their 
mineralogy. The chemical compositions o f the Garrison intrusions do show that they are richer in K20  than 
most o f the other rocks in the region, based on augite, amphibole and plagioclase compositions, and the 
diorites’ whole-rock analyses.
W hile the Boulder batholith belongs to a calc-alkaline association, it has a higher potassium 
content than many of the granite plutons associated with it to the south and west. The Idaho batholith more 
closely resembles the younger sodic series of the Boulder batholith and is the main mass o f a large calc- 
alkaline center in central Idaho and western Montana (Hyndman, 1983). It is clear that the Garnson dikes 
and sills are more like the main series of the Boulder batholith than the sodic series because of its high K20  
content. The batholith also contains trace amounts of allanite (Watson, 1986), indicating elevated levels o f 
REEs. These features are also found in the Garrison dikes and sills. The Adels and the shonkinite satellite 
plutons o f the Boulder batholith also contain high amounts of REEs and are high-K (Cunningham, 1999; 
Johannesmeyer, 1999; Breuninger, 1995).
The Elkhom basalts are lower in incompatible elements than the Garrison dikes and sills, but this 
could be an artifact o f differentiation that may have taken place in the Garrison rocks from the parent 
magma. In most other ways, they are very similar in mineralogy and mineral composition. A higher amount 
o f augite, and no biotite, was reported in the more-mafic units o f the Elkhom Volcanics as compared to the 
Garrison dikes and sills. The basalts studied by Smedes (1966) and Ruppel (1963) most resemble the 
Garrison basalts mineralogically. The groundmass of the two samples of the Elkhom basalt is 
cryptocrystalline and has been altered, and does not allow for late-phase formation or identification. The 
presence o f  biotite, which is a late-forming mineral, would not be found in the Elkhom basalts, even if  they 
have enough K20  to form it. The Elkhom basalt also may not have enough K20  to form biotite and in the 
case o f HDNF-65, a small amount o f K20  was taken up by amphibole.
Other minerals can be useful in narrowing down the possible source or sources for the Garrison
dikes and sills. The basalts in the Elkhom Mountains Volcanics in W atson’s (1986) field area also contain a
high percentage of plagioclase. Watson mapped flows in the Boulder Mountains along the western part o f
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the Boulder batholith, to the south o f the Garrison depression. They average between 75 to 85% 
plagioclase. Unlike the Garrison dikes and sills, orthopyroxene is a common accessory mineral, especially 
in the flows with plagioclase phenocrysts. She made no mention o f the presence or absence o f biotite, but 
in light o f the presence o f orthopyroxene, it is unlikely that biotite was present as a primary7 phase. The 
basalts in W atson’s field area appear to be less alkalic than those o f  the Garrison dikes and sills.
The presence o f ferro-edenite indicates an alkaline source for the syenite and one that is relatively 
rich in T i0 2. W hile ferro-edenite is richer in Na20 , there is a fair amount o f K20  in amphibole microprobed 
(Appendix A). The amphiboles in the Garrison syenite and Elkhom basalt differ mostly in elements that are 
typically enriched or depleted in the magma in which they formed. They are both high in TiO? and CaO, 
and moderately high in K20  and N20 . The hornblendes from the Garrison syenite and the Elkhom  basalt 
are generally higher in incompatible elements and about the same to lower in compatible elements, even 
when compared to the granites o f the Kokomda complex and Ringing Rocks pluton. The amphiboles from 
the Ringing Rocks and Kokoruda plutons are the result o f augite reacting with the granitic melt and are not 
a primary mineral. This may have affected the element amounts found, as they could have inherited some 
o f the lack o f incompatible element amounts from the augite, which formed in a more-mafic magma. The 
similarity o f  the amphiboles from the Garrison syenite and the Elkhom  basalt, despite their differing host 
magmas indicates that there may be a genetic relationship.
The Garrison basalts are low in Na20  in both the pyroxene and the plagioclase crystals 
microprobed. This is similar to the mafic rocks associated with the main series o f the Boulder batholith.
The shonkinites bordering the Boulder batholith and those of the Adel Mountains Volcanics have higher 
average N a20  values. The Adels are more alkalic and have higher amounts o f incompatible elements, 
including Na20 . The satellite shonkinites o f the Boulder batholith have been partially contaminated by 
granitic magmas associated with the Boulder batholith, which may have increased their N a20  content.
Chemical analyses from the Boulder batholith and a few o f  its associated mafic rocks show that
there are similarities in the major elements for similar Mg numbers, but the trace-element data indicates
that the mafic rocks associated with the Boulder batholith are from a different source than the Garrison
diorites. Txhe mafic rocks associated with the batholith are generally more primitive and have lower
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incompatible elements. While this might indicate that the Garrison rocks could have formed from a more- 
evolved version o f the same parent as the Boulder batholith mafic rocks, the Garrison diorites rarely seem 
to fall along expected differentiation trends for the batholith and contain noticeable higher incompatible 
elements for similar Mg numbers. The trace-element ratios are inexact enough to make any correlation, or 
lack thereof, ambiguous at best.
No comprehensive data on the basalts associated with the Boulder batholith is available and 
mineralogical descriptions and mineral chemistry provide the best way to compare the two at this time.
Two Elkhom Mountains Volcanics mafic samples were analyzed by Rutland (1989), but the data only 
contained major-element percentages. The m ajor elements almost always plotted with the other Boulder 
batholith data and not the Garrison diorites. As the S i02 amounts are similar between the two, this would 
indicate the two are not related. Considering the variation in mineralogy between mafic members o f the 
Elkhom  Mountains Volcanics, especially over larger geographic distributions, this is not entirely 
conclusive.
The Ringing Rocks pluton and the Kokomda Ranch complex have both major-element and trace-
element data, as well as mineralogical data, that can be compared to the Garrison diorites. The shonkinites
o f the Kokomda Ranch complex and the Ringing Rocks pluton are fairly similar to the western-most
Garrison diorite sill in mineralogy, but differ from the eastern sills and the basalts. There are other rocks
around the Boulder batholith that more closely resemble the mineralogical composition o f the Garrison
basalt dikes and sills. The lamprophyres o f the Kokomda Ranch complex have a very similar description to
the Garrison basalts. Lamprophyres have a plagioclase and salite-rich groundmass with salite and olivine
phenocrysts (Breuninger, 1995). The Kokom da lamprophyres are higher in plagioclase than the
shonkinites, matching the basalts and diorites o f  the Garrison depression more closely. In contrast to
Breuninger, Smedes (1966) describes the lamprophyres o f the Kokomda complex as a biotite-homblende-
olivine-augite lamprophyre, with up to 6% hornblende and augite phenocrysts with yellowish-grey
pleochroism and sector zoning. There is a noticeable difference in description o f the lamprophyre and it is
likely that they classified the rocks differently and examined different rocks. Considering the mineralogical
variation o f the Garrison diorites, but chemical similarities o f the three sills, it is possible that the
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shonkinites o f the Kokoruda complex might exhibit similar variation and the lamprophyres described by 
Breuninger are from the same source as the Kokoruda shonkinite.
Chemical data give a much clearer picture o f the relationship between the satellite plutons and the 
Garrison rocks. The Ringing Rocks pluton varies somewhat in the amounts of major elements from the 
Garrison diorites, but shows much more distinct differences in trace-element data, often forming its own 
sub-group. It is clear that the Garrison diorites and the Ringing Rocks shonkinites are different both 
mineralogically and chemically and cannot have come from the same magma source.
The results o f  chemical analyses for the Kokoruda minerals did not match those o f the Garrison 
dikes and sills. The m ixing o f a granitic magma with the Kokoruda shonkinites may have caused enough 
changes in mineral composition that they do not match that o f  the Garrison minerals. Another possibility is 
the differences in mineral composition may be caused by crystallization under different pressure 
conditions. Augite crystallized at higher pressures tends to have more S i02 and less A120 3 and T i0 2 (Wass, 
1979). The Kokoruda augites vary from the Garrison augites in these oxides in this manner and may have 
been intruded at deeper levels than the Garrison intmsions, causing the augites to differ chemically. When 
the whole-rock analyses are compared, the Kokoruda shonkinites plot with the Garrison diorites with 
remarkable reliability. This supports that they may have been derived from the same magma source. Even 
thought there are differences in mineralogy between the Kokoruda and Garrison rocks, the chemical 
similarities cannot be ignored.
The only other m ajor center in the region that has alkali basalt is the Adels Mountains volcanic
center. “Roll-over” sills and laccolithic sills are common features in the Central Montana Alkalic Province.
A “roll-over” sill occurs when a dike or other discordant intrusion changes orientation with respect to the
host strata and becomes concordant. The Adel Mountains Volcanics field has a number o f “roll over” sills
(Beall, 1973), which were emplaced in the same stratigraphic level as the Garrison dikes and sills. The
monzonites o f the Adels often form sills (Lyons, 1944). The similar style o f intrusion o f the Garrison rocks
and those o f the Adels supports similar methods o f  intrusion and magma properties. The Boulder batholith
and associated intrusive units do not seem to share similar physical characteristics as the Garrison dikes and
sills. Most o f the mafic intmsions are isolated or are co-magmatic with calc-alkaline intmsions, forming
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small plutons.
Important mineralogical differences between the Garrison dikes and sills and the Adel Mountains 
Volcanic mafic rocks help distinguish them from each other. Plagioclase appears as small crystals (An60) 
both interstitially and as inclusions in anorthoclase in the Adels shonkinites. The Garrison intrusions lack 
the extensive zeolitization o f the Adels mafic rocks and anorthoclase in the groundmass. The major 
difference is the lack o f  plagioclase in the Adels rocks. As this is a primary component of the Garrison 
rocks, they require a different source than the Adels alkali basalt. The mineral chemistry o f the Adels alkali 
basalts more closely matches that o f the Adels shonkinites, which does not fit that o f the Garrison dikes and 
sills.
Chemical analysis confirms the results o f the mineralogical data for both the Garrison diorites and 
the Adels mafic rocks. W hile the Adels basalt plots with Garrison diorites more often than the Adels 
shonkinite, there are still enough differences that they cannot be from the same source. The Boulder 
batholith satellite shonkinites also do not plot consistently with the Adels Mountains Volcanics rocks. 
Influences o f the Central Montana Alkalic Province can be seen along the edges o f the Boulder batholith in 
the shonkinite satellite plutons, but the Adels are not the likely source o f the magma.
If the Garrison dikes and sills are the result o f mixing o f two magmas, no evidence appears in the 
whole-rock chemical data. The Garrison diorites do not always fall between the Adels and Boulder 
batholith mafic rocks on trace-element plots, ruling out mixing o f the two magmas to form the diorites, and 
likely the basalts. The diorites also do not always fall between any other groups and are likely not the result 
o f  mixing by any rocks examined in this study. While they may have been formed through mixing and then 
differentiation, the Garrison diorites do not consistently plot where they would be expected if 
differentiation was involved. They have more MgO than almost all o f the Adels mafic rocks and the mafic 
rocks associated with the Boulder batholith, as well as too little Na20 . Similar inconsistencies can be seen 
in trace-element plots.
The Garrison syenites are not related to the diorites by liquid immiscibility, although syenite is
common in the Central M ontana Alkalic Province. The syenite in the Adels is usually associated with
shonkinite and is likely formed through liquid immiscibility (Cunningham, 1999). The syenites from the
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Adels are mostly anorthoclase with some strongly zoned salite in the more-mafic samples. The amount of 
mafic minerals in the Garrison syenite is not enough to change the rock classification to shonkinite. Salite 
in the Adels rocks is often rimmed with aegerine-augite. The more-felsic samples have plagioclase with an 
An4 o-4 5 and hornblende as the primary mafic mineral (Cunningham, 1999). The Garrison syenite plagioclase 
is albite and one o f the orthoclase grains has a noticeable amount o f albite in solid solution. The Garrison 
syenite also lacks aegerine-augite rims.
M ineralogically, the Garrison dikes and sills are more similar in composition to the basalts from 
the Elkhom basalts, although the Garrison rocks appear to be more differentiated. W ithout knowing the 
chemical composition o f the Elkhorn basalts, especially in the northern part o f the Boulder batholith, a full 
comparison is hard to make. Using mineral chemistry, the Garrison dikes and sills fall between the Adel 
Mountains mafic rocks and the basalt found in the Elkhom Mountains Volcanics. While the Garrison dikes 
and sills usually are more like the Elkhom basalts, neither center matches exactly the chemical composition 
o f  the intrusions. The Garrison dikes and sills are generally less alkalic than the Adel alkali basalts, but are 
more enriched in incompatible elements than the Elkhom basalts without a large corresponding decrease in 
the MgO/FeO ratio or Cr20 3. Some o f the plots deviate, with the Garrison augites showing some o f  the 
higher values for m ajor elements. Some, such as the T i0 2, can be explained by fractionation o f  the Garrison 
magmas. The higher amount o f FeO compared to MgO supports this idea. Some o f the chemical trends 
cannot be explained by fractionation, such as no increase in BaO corresponding to the higher K20  levels in 
the Garrison intrusions.
W hole-rock chemical data from the Garrison diorites more clearly show the chemical affiliations
o f  the Garrison rocks. They resemble the Boulder batholith and the satellite plutons in the major-elements
plotted against S i0 2. The trends are even clearer in the Mg-number plots, where the diorites show more
strongly alkalic affinities. Collectively, the graphs confirm that the diorites are not as alkalic as the Adel
rocks, but are more so than the Boulder batholith mafic rocks. The diorites most resemble the satellite
shonkinites o f the Boulder batholith. This is most strongly seen in the trace-element plots, where the
Garrison diorites almost always plot with the Kokoruda Ranch complex shonkinites. The Kokoruda
shonkinites and the Garrison diorites cluster together even in graphs o f  ratios o f  immobile and incompatible
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trace-elements, suggesting they came from similar magma sources. The Adels and the Boulder batholith 
main series rocks, which includes mafic units associated with the batholith, do not have the same 
characteristics. It seems more likely that the source for the Garrison diorites is the same one as the 
Kokoruda shonkinites. As the Kokoruda shonkinite has experienced magma mixing and mingling, the same 
may have happened with the Garrison dikes and sills.
The Garrison diorite’s similarity to the Kokoruda shonkinites w ould suggest that the magma 
forming the Garrison basalts could be more widespread around the Boulder batholith. This would agree 
with Sears et al.’s (1999, 2000a) work on a large number o f related sills in the Rocky Mountain foreland.
Timing
Although there are a number o f similarities in the minerals between the diorites and alkaline 
basalts around Garrison, there is some disagreement as to whether the two types might be from two 
different intrusive events or are closely related both temporally and genetically. They are closely related in 
mineral compositions and overall chemistry, but other evidence is important to determine their relationship, 
both to each other and to surrounding events. Their age is important in relating them to the other igneous 
centers in the region with respect to source and possible influences o f  magm a mixing and mingling. The 
75.9± 1.2 Ma 40Ar/39A r biotite age is from one o f the diorite sills (Sears et al., 1998). This places the diorite 
intrusions in the same time frame as both the mafic units associated w ith the Boulder batholith and the Adel 
Mountains Volcanics. No dates have been determined for the E lkhom  basalt intrusions.
Mutch (1960) concluded that there were two generations o f intrusions in the Garrison area. The
diorite sills were placed in late Cretaceous time, whereas he thought many o f the intrusions in the Golden
Spike Formation, which are all basaltic, were o f Tertiary age. He also felt that the Tertiary volcanic rocks to
the north o f the map area were possibly related to the intrusions in the Golden Spike Formation, as they
contain similar mineralogy. He could find no evidence o f  the intrusions cutting the volcanic rocks. The
diorite sills were inferred to be late Cretaceous because they were found in the same stratigraphic section in
the Gold Creek syncline on the northern edge o f the Flint Creek Range. M utch hypothesized that they were
intruded prior to or during deformation. The numerous apophyses along the edges o f the sills were
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considered evidence that the sills may have been syn-deformational, the result o f magma being squeezed 
out as the sills were compressed.
The earliest deformation in the region started before 84 Ma, slightly before the eruption of the 
Elkhom Mountains Volcanics. There are local unconformities between the volcanic rocks and older units. 
The deformation started to the west o f the Boulder batholith area and moved east over time. More intense 
folding occurred later, deforming rocks o f  the Boulder batholith and overlying Elkhom Mountains 
Volcanics. In places, the Elkhom Mountains Volcanics were folded before being intruded by the Boulder 
batholith and the batholith cuts many o f the folds. Compression ended east o f the region, in Eocene time at 
about 56 Ma (Robinson et al, 1968; Schmidt et al, 1990).
More-mafic sills o f the Boulder batholith usually predate the folding, although some may be 
contemporaneous. Gabbros are widespread and are considered to represent the early mafic stages of 
intrusion of the Boulder batholith (Watson, 1986). A number o f the quartz monzonite and quartz diorite 
sills also show changes in thickness with changing strikes o f the folds and may have been intruded during 
or just after folding (Robinson et al, 1968). Olivine shonkinites are among the earliest intruded and are cut 
by the Unionville Granodiorite in the Kokoruda complex (Smedes, 1966). Many plutons are emplaced 
along faults, so had to have been intruded after the start o f deformation, but some plutons are cut by thrust 
faults and so must have crystallized before deform ation ceased (Schmidt et al, 1990).
The basalt flows in the Elkhom M ountains Volcanics appear to have erupted at the same time as 
more felsic eruptions. Some o f the basalts show the effects o f  contact metamorphism from the intrusion o f 
the Boulder batholith (Watson, 1986). In the northwestern part in the Elliston mining district, basalt flows 
unconformably overlie andesite and quartz latite rocks (Ruppel, 1963). Basaltic and andesitic sills in the 
eastern part o f the Boulder batholith, south o f  Helena, are folded with shallow folds and are likely intruded 
just before to just after those folds, as no clear evidence has been found that they were noticeably older or 
younger. Some o f  the larger masses seem to follow the axis o f  broad synclines (Smedes, 1966).
Many o f the Garrison sills show similar evidence o f being affected by the deformation. Some o f
the sills are thicker on one side o f a foid than another. This could be due to either being intruded during the
deformation or following the already deformed sedimentary units. M agma was trapped on one side o f a
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fold and was unable to fill the sill to the same thickness on the other side. Cross-cutting relationships of the 
sills and the surrounding rock support syn- to post-deformation intrusion (Sears et al, 2000b). Slicken sides 
on some of the Garrison dikes and sills also indicate that the intrusions were subject to deformation after 
crystallization.
Few minerals have been broken or noticeably fractured in the Garrison rocks, as observed in thin 
section. However, most o f the phenocryst phases are minerals known to have a strong crystal structure and 
resist deformation. One dike does display the bending of plagioclase phenocrysts around augite 
phenocrysts. Undulatory extinction along the length o f the bent plagioclase lathes in slide H12N-52 
indicates deformation after the crystallization o f  the intrusion. Most o f the minerals that tend to show 
deformation are minor phases in the dikes and sills, such as biotite and quartz. Both are also usually 
secondary phases in most o f  the rocks and their time o f formation is unknown.
The deformation affected the deposition of the late Cretaceous Colorado group near the top of the 
Carten Greek Fonnation, the youngest member. Its contact with the overlying Golden Spike Formation is 
folded and forms an angular unconformity. The folds in the Carten Creek Formation have been eroded 
before the deposition Golden Spike Formation, which itself shows folding, but not on the same scale as the 
Carten Creek-Golden Spike contact (Waddell, 1997; O ’Brien, 2000; Brooks, 2002). Part o f the age o f 
folding can be bracketed by the angular unconformity between the Carten Creek and Golden Spike 
Formations, both o f which are cut by the intrusions. The lower part o f the Golden Spike shows some 
folding overprinted on the eroded folds in the Carten Creek, showing deformation continued after the 
deposition o f the Golden Spike Formation.
The Garrison dikes and sills intrude into the Golden Spike Formation, which contains lavas and 
lahars from the lower Elkhom  Mountains Volcanics (Gwinn and Mutch, 1965; W adell, 1997). This makes 
the intrusions younger than the oldest Elkhom  Mountains Volcanics. The Garrison intrusions cut the 
Elkhom Mountains Volcanics and the Golden Spike Formation in the area to the south o f Highway 12. As 
the Elkhom Mountains Volcanics were involved in early deformation, the intrusions would have had to 
have been emplaced into partially to fully folded units (Sears et al., 2000b).
W hile there has been only one absolute age determination for the Garrison intrusions, the other
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intrusions can be inferred to have been emplaced around the same time. The basalt intrusions cut through 
the angular unconformity between the Carten Creek and Golden Spike formations. The Golden Spike 
Formation is syngenetic with the Elkhom Mountains Volcanics (Wadell, 1997; Gwinn and Mutch, 1965).
A cap of Eocene volcanic rocks is exposed along many of the higher hills in the northern part o f 
the area around Garrison. Along the road cut on the frontage road to the west o f Garrison, Eocene volcanic 
rocks lie above the tilted sedimentary units o f the Golden Spike Fomiation (Waddell, 1997). The basaltic 
dike does not appear to.cut the volcanic rocks. The Tertiary volcanic rocks appear to unconformably overlie 
the Golden Spike Formation. Sears et al. (2000b) also mapped some of the volcanic rocks. None o f the 
dikes or sills cut them. A dike along the frontage road just west o f Garrison cuts across the Golden Spike 
Formation, but ends abmptly at the overlying Tertiary volcanic rocks. The contact appears erosional in 
nature, indicating that some time had passed between the intrusion o f the dike and the deposition o f the 
volcanic rocks.
Other sills along the Rocky Mountain Front also show evidence o f intrusion into sedimentaiy units 
during deformation. These sills have mineralogical similarities to the Garrison diorites. The sill studied by 
Sears et al. (1998, 1999, 2000a) is trachyandesitic in composition and intrudes into Cretaceous Kootenai 
and Blackleaf formations and is one of several in the area. Sears et al. (2000a) felt that these sills are part o f 
the same complex as the Garrison intmsions based on similar petrology, geochemistry, stratigraphic 
position and setting. Priest (2000) determined that a sill had been intruded into partially deformed units and 
was later deformed by the continuing folding in the area through stmctural and paleomagnetic analysis.
This sill, just north o f the Sun River in north-central Montana, is considered to be about 76 Ma. Thin 
section analysis showed that there was no visible penetrative strain to the minerals. He recognized no 
foliation in the rock and the plagioclase retained good albite twinning. Sears et al. (1999) found an 
40Ar/'39A r biotite age o f 58.8 ± 1.5 Ma, but there was chloritization and sericitization o f the sample and the 
age likely reflects argon loss. There was also a sample with a disturbed gas-release spectmm, which 
indicated that the age does not date crystallization. Reconstmcted cross-sections place that part o f the sill 
complex low in the footwall o f the thrust sheet and the temperature was likely higher than the 280° ± 40°
biotite blocking temperature and may have been the cause o f the argon loss (Sears, 2001).
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Ages o f other more-mafic units o f the Boulder batholith are close to that o f the western Garrison 
diorite sill. The mafic rocks are dated about 73-78 Ma and intrude the Elkhom Mountains Volcanics, so 
cannot be older. The oldest estimated age for the Elkhorn Mountains Volcanics is 81 Ma, though a date 
from 900 m above the base was 78 Ma. Dates range from 78-72 M a for the main plutons o f  the Boulder 
batholith. The next phase of intrusion did not occur until veiy late Cretaceous to Tertiary time. The later 
intrusions tend to be more like the sodic series o f the Boulder batholith (Lund et al., 2002; Tilling et al., 
1968). The 76 M a date (Sears et al., 1998) for the diorite sill in the Garrison depression and the potassic 
nature o f all the dikes and sills strongly suggests that they all are part o f the same pulse o f magmatism that 
formed the Boulder batholith. The age o f the Kokoruda Ranch complex is 73.5 ± 2.9 Ma, from a K/Ar 
biotite (Tilling et al., 1968).This falls within the age range o f the Garrison diorites and strengthens the 
possibility that the two are related. The Adels Mountains Volcanics are also about the same age, estimated 
to be about 72-81 M a (Sheriff and Gunderson, 1990; Harlan et al., 1991). This too is in the same time 
frame as the other intrusions and might have been produced during the same event.
The Garrison diorite and basaltic dikes and sills intmded into the same stratigraphic level. None 
appear to cut each other, and any place where intrusions of possibly different composition or alteration state 
do seem to cross, the relationship is invariably obscured by erosion and vegetation. Both sets o f intrusions 
show a similar response to the folded strata, and if  they were emplaced at different times, it seems likely 
that it was close enough together that they were affected by similar tectonic controls. The basaltic 
intrusions are younger than the Golden Spike Formation and do not appear to have cut across the Eocene 
volcanic rocks in the area. Basaltic intrusions are from late Cretaceous time and probably intruded at 
approximately the same time as the diorites.
Central Montana Alkalic Province and mantle
The high K20  nature o f the Boulder batholith is different from most other calc-alkaline centers in
the region. Its proximity to the Central Montana Alkalic Province may have affected the Boulder
batholith’s chemistry. The origin o f the Central Montana Alkalic Province has generated a great deal o f
debate. The unusual composition of its magmas and placement in the middle o f a craton has lead to a
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number o f conjectures. Based on evidence from xenoliths found in diatremes from central Montana, Eggler 
and Furlong (1991) estimated the lithosphere to be at least 175 km thick in the past. Using South Africa as 
a model, they thought the old lithosphere was probably attached since the formation o f the crust.
Proterozoic terranes would be expected to have thinner lithospheres, evidence o f which should be apparent 
in the xenoliths. The increasing convergence rate o f the Farallon and North American plates likely caused 
the subducted plate to flatten out and extend its effects much further inland than slower-convergence arc 
settings. The regular spacing of the Laramide uplifts reflects drag on the base of the lithosphere. W hen the 
convergence decreased after 58 Ma, the most intense alkaline volcanism took place with the dropping o f 
the plate where the asthenosphere was in contact with plate (Baker, 1991).
Another postulation is that the Central Montana Alkalic Province may be part o f the Great Falls 
tectonic zone and resulted when extension from oblique subduction depressurized the asthenosphere and 
caused melting o f the lithosphere and a passive hotspot (Mutschler et al., 1991). Others have suggested 
tears or rifts in the lithosphere or direct asthenospheric melting by subduction (Eggler and Furlong, 1991).
The trace- and heavy-isotope compositions are fairly similar among the various magmas. Nd and 
Sr isotopes plot below the mantle array, implying that they were derived from old LREE enriched sources. 
A small amount o f the magma may have come from the asthenosphere, represented by the Missouri Breaks 
kimberlites and Haystack Butte. Most o f the rest are from the old lithosphere, remnants o f which remain in 
central Montana and in southwestern Wyoming. Seismic tomography shows a structure that coincides with 
the xenolith and heat flow data that is likely the old lithosphere. The old lithosphere beneath the Rocky 
Mountains and Colorado was removed sometime before Cretaceous time. The cause o f recent magmatism 
in Montana is likely related to subduction processes, but not as a direct result o f  being in an arc setting. The 
subducting plate may have induced back-arc asthenospheric upflow, which caused minor magmatism. The 
flow thinned the lithosphere and caused partial melting, which produced the rest o f  the magmatism (Eggler 
and Furlong, 1991).
Cunningham (1999) proposed a model o f a wedge of enriched mantle that thins from the Adel
Mountains to south o f the Boulder batholith. The enriched mantle, which may underlie a section o f normal
mantle, would be the source o f the shonkinites that are found all along the margins o f  the Boulder batholith
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and in the Adels. The normal mantle would produce the alkalic basalts that intruded at the same time in 
both centers. The Boulder batholith is more potassic in the northern and eastern parts and becomes more 
sodic to the south and west (Tilling, 1973), away from the Central M ontana Alkalic Province. This would 
fit with the model o f a thinning enriched mantle source for the magmas found in the area.
The Big Timber stock, in the Crazy Mountains o f the Montana disturbed belt, has element patterns 
similar to magmas produced in arc settings. The stock has classic Central Montana Alkalic Province coeval 
strongly alkaline and alkaline-subalkaline series. The mountains follow a possibly Middle Proterozoic fault 
along the southern part o f the Helena embayment. The two magma types are separated by this line and may 
reflect the differences in the basement rock of Belt rocks on the north and Archean basement to the south 
(Du Bray and Harlan, 1996).
The Adel Mountains volcanic pile also shows two sources for its mafic magmas, producing 
shonkinite and alkali basalt. The Boulder batholith has both shonkinites and basalts along its northern and 
eastern edges where it is closest to the Central M ontana Alkalic Province (Cunningham, 1999).
Magma mixing or single source model
Magma mixing and mingling is a feature o f the Boulder batholith, which seems to be a fairly 
common process for large plutons (Foster and Hyndman, 1990). Inclusions are rare in the Boulder 
batholith, although some of mafic composition have been found. Due to their fine-grained nature, their 
origin is hard to determine (Ruppel, 1963). There are a number o f mafic inclusions exposed in road cuts 
along 1-90, which show evidence o f magma mingling (Johannesmeyer, 1999). This is sufficiently enough 
around the Boulder batholith that it would not be unreasonable for this to occur around Garrison.
No field evidence was found in the Garrison dikes and sills to indicate magma mixing and
mingling, but most o f the intrusions were so poorly exposed that most evidence would likely be obscured.
The larger diorite sills are better exposed because o f their size and fortuitous placement in road cuts. No
xenoliths were observed in any o f the more felsic intrusions. No definitive evidence was found in thin
section or chemical analyses o f the minerals. W hole-rock data from the diorites do not consistently fall
between any two groups, but their similarity to the Kokoruda shonkinites may indicate that mixing could
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have occurred. Two magmas might have mixed well enough to homogenize them and left little in the way 
o f evidence.
Isotope work completed by Doe et al. (1968) on the rocks c f  the Boulder batholith shows that the 
oldest intrusive rocks are potassium-rich mafic rocks along the margins of the batholith and contained 
enough K-rich minerals to use Pb isotopes to compare with the more felsic rocks o f the batholith and its 
satellites. Most Pb-isotope work was done on potassium feldspar. Based on the range o f values for isotopes, 
the source o f the magma was not homogeneous or well-mixed isotopically. The mafic rocks show the 
widest range in Pb isotopes (Doe et al., 1968). Considering that there are two distinct types o f mafic 
magmas found around the Boulder batholith, these results are not surprising. While this also supports the 
idea that there may be mixing and mingling between the sources for the mafic magmas, most o f the rocks 
analyzed were from the northern and eastern edges where the two types are known to coexist.
Beall (1973) hypothesized that the lithosphere o f  the W yoming craton thickens to the south o f the 
Adels and reduces the influence o f  the enriched mantle beneath the alkalic province. The hypothesis o f a 
mantle wedge proposed by Cunningham (1999) could produce a magma intermediate between the basalts 
found around the Boulder batholith and the more alkalic rocks o f  the Adel Mountains Volcanics from one 
source.
CONCLUSIONS
Both the Boulder batholith and the Adel Mountains volcanic center have alkaline basalts. The 
Adel basalts are more alkaline than those o f the Boulder batholith, based on microprobe analysis and 
whole-rock major elements. W hile the Garrison dikes and sills are more closely related to the Elkhom 
Mountains Volcanics basalts than the Adels alkali basalts, they do not match either group or fall on a 
mixing line between the two. The Garrison diorites most resemble the Kokoruda Ranch complex 
shonkinites and likely are derived from the same magma source.
The Kokoruda shonkinites mixed with a granitic magma and may not entirely represent the
original shonkinite magma. The similarity o f the shonkinites to the Garrison dikes and sills suggests that
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the Garrison rocks may be the result o f one o f two processes. They could be the result o f magma mixing of 
a small amount o f shonkinitic magma with a less-alkaline basalt. No evidence was found to support a 
m agma mixing and mingling model, but it does not rule out the idea because the magma may have been 
well mixed, obscuring the evidence. The lack o f good exposures o f most o f the intaisions also makes 
finding any evidence in the field difficult. The fact that the Garrison dikes and sills do not always fall along 
a m ixing line in the chemical plots also makes this idea suspect. The possibility exists that the Garrison 
diorites may have been formed from mixing and then differentiation, but evidence from major-element 
plots is not consistent with this. However, there appears to be enough variation in the composition o f the 
Elkhom  basalts that more analyses are needed before excluding this possibility. The fact that the Garrison 
diorites are so much like the Kokomda shonkinites, which have experienced mixing, does leave the 
possibility open.
The Garrison dikes and sills may have also been formed directly from a mantle source that was 
intermediate between the enriched mantle found under the Central Montana Alkalic Province and the 
normal mantle to the south and west o f the Boulder batholith. The dikes and sills would not fall between 
the Adel M ountains Volcanics data and that for the Elkhom basalts in that scenario. Because o f the limited 
nature o f the chemical analysis, it is impossible to determine with any confidence which o f the two models 
best fit the results. The single source model seems to fit the evidence the best, given the limited amount of 
data and the lack of field evidence indicating magma mixing and mingling.
The Dunkleberg Ridge dike is probably an extension of the Garrison intrusions. Many andesitic 
dikes and sills are found along the north flank o f the Flint Creek Range with similar characteristics of 
intrusion as those in the Garrison depression (Ryan Portner, personal communication, 2003). This extends 
the area intruded by the magma that formed the Garrison dikes and sills. The presence o f alkalic rocks as 
far west as Garrison and the northern flank o f the flint Creek Pvange suggests that the Central Montana 
Alkalic Province may extend beyond the central plains o f Montana to the west side of the Boulder batholith 
and the K-rich nature o f the batholith may be related to the enriched mantle beneath central Montana. The 
E lkhom  alkalic basalts could be important in determining the pattern and extent o f mantle enrichment.
M ore work needs to be done to determine their chemical affinity to help verify this possibility.
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The 76 M a date determined by Sears et al. (1998) on the western Garrison diorite sill gives the 
approximate timing o f  intrusion o f the diorite sills. Based on field relationships o f both the Garrison 
diorites and the basalts, they appear to be o f similar age. They are also bracketed by deformation o f the area 
both before and after their intrusion. The similarity o f the mineral and chemical compositions between the 
diorites and the basalts would suggest they are related. Their placement along the Lewis and Clark line is 
important in placing constraint on the timing o f the deformation in the area, which is important in 
constraining the tectonic history o f the region. If  some o f the dikes and sills are suitably unaltered, they 
could also provide an effective bracket on the deformation using paleomagnetic techniques to determine 
amount o f folding.
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Appendix A: Microprobe Results
Minerals in this study were microprobed at W ashington State University on a Cameca Camebax 
electron microprobe. Detection limits are usually about 0.01 wt%, although some elements are detectable 
only to 0.05 wt%.
Thin section numbers correspond with site collection numbers.
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Pyroxene
Garrison 
Basalts
Analysis
point:
GSF-15
pheno
GSF-15
pheno,
same
GSF-15 
2 pheno
GSF-15 
3 pheno
GSF-15 
4 pheno
GSF-15 
5 pheno
GSF-15 
6 pheno
GSF-15 
7 pheno
GSF-39 
1 pheno 
edge
GSF-39 
4 pheno
GSF-39 
5 pheno
GSF-39 
6 pheno 
edge
UJI ■ .
6 pheno
150u
from
GSF-39 
7 pheno
Na20 0.43 0.43 0.37 0.45 0.37 0.44 0.38 0.41 0.35 0.37 0.29 0.30 0.37 0.35
MgO 14.73 14.67 14.74 14.54 14.61 15.17 15.12 14.70 15.41 15.94 16.09 14.75 14.95 15.56
AI2O3 3.58 4.43 3.72 4.34 4.18 3.21 3.33 4.20 2.58 2.55 1.87 2.66 2.82 2.67
S i0 2 50.48 49.54 49.91 49.85 50.25 51.21 51.01 49.64 51.27 51.02 52.35 48.22 48.56 51.23
FeO 8.38 7.95 8.31 8.43 7.68 8.32 8.20 8.42 8.30 8.02 6.99 8.05 8.32 7.94
CaO 21.21 21.16 21.39 21.15 22.01 21.39 20.88 21.49 20.30 20.71 21.36 20.24 19.50 20.64
Ti02 0.86 0.90 0.83 0.89 0.76 0.71 0.73 0.89 0.70 0.79 0.45 0.83 0.79 0.83
k2o 0.03 0.03 0.03 0.04 0.08 0.09 0.02 0.05 0.08 0.04 0.05 0.05 0.05 0.08
MnO 0.23 0.24 0.15 , 0.20 0.13 0.22 0.22 0.21 0.20 0.23 0.11 0.16 0.22 0.21
Cr20 3 0.06 0.09 0.07 0.12 0.18 0.09 0.07 0.05 0.06 0.10 0.27 0.06 0.09 0.15
Totals 100.00 99.45 99.53 100.01 100.25 100.85 99.96 100.06 99.25 99.78 99.83 95.32 95.66 99.67
Formula Atoms
Na 0.031 0.031 0.027 0.033 0.027 0.032 0.027 0.030 0.026 0.027 0.021 0.023 0.028 0.025
Mg 0.819 0.819 0,824 0.809 0.809 0.836 0.838 0.818 0.859 0.885 0.888 0.861 0.868 0.863
Al 0.157 0.196 0.164 0.191 0.183 0.140 0.146 0.185 0.114 0.112 0.081 0.123 0.130 0.117
Si 1.882 1.855 1.871 1.859 1.866 1.891 1.896 1.853 1.917 1.900 1.937 1.887 1.891 1.908
Fe 0.261 0.249 0.260 0.263 0.238 0.257 0.255 0.263 0.259 0.250 0.216 0.263 0.271 0.247
Ca 0.848 0.849 0.859 0.845 0.876 0.847 0.832 0.860 0.813 0.826 0.847 0.849 0.813 0.824
Ti 0.024 0.025 0.023 0.025 0.021 0.020 0.021 0.025 0.020 0.022 0.013 0.024 0.023 0.023
K 0.002 0.002 0.001 0.002 0.004 0.004 0.001 0.002 0.004 0.002 0.002 0.002 0.002 0.004
Mn 0.007 0.008 0.005 0.006 0.004 0.007 0.007 0.007 0.006 0.007 0.004 0.005 0.007 0.007
Cr 0.002 0.003 0.002 0.003 0.005 0.003 0.002 0.002 0.002 0.003 0.008 0.002 0.003 0.004
Formula Totals 10.03 10.04 10.04 10.04 10.03 10.04 10.02 10.04 10.02 10.03 10.02 10.04 10.04 10.02
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Analysis
point:
GSF-7 1 
brown px
GSF-7 2 
brown px
GSF-7 
1 pheno
GSF-7 2 
pheno
GSF-7 3 
brown px
GSF-7 4 
brown px
GSF-7 3 
pheno
GSF-7 
3 pheno
GSF-7 5 
pheno
GSF-7 6 
pheno
GSF-7 7 
pheno
H12R-13 
1 pheno
H12R-13 
1 pheno 
edge
Na20 0.27 0.32 0.28 0.21 0.36 0.30 0.23 0.23 0.21 0.23 0.23 0.25 0.43
MgO 10.67 11.33 16.41 15.13 11.46 11.78 14.86 14.77 14.98 14.87 14.99 17.10 14.62
AI2O3 3.98 4.96 2.36 2.40 4.74 4.84 2.46 2.30 2.53 2.59 2.50 1.25 3.41
S i02 47.97 46.84 52.19 50.27 45.64 47.14 51.15 50.91 50.86 50.51 50.69 53.48 50.21
FeO 14.15 12.15 6.34 8.29 12.89 12.24 8.87 9.29 8.74 8.89 8.81 4.38 9.66
CaO 20.08 20.79 21.68 20.98 19.85 20.54 21.07 20.34 21.'14 20.58 20.95 22.61 20.30
Ti02 1.99 2.03 0.34 0.66 2.34 1.71 0.73 0.73 0.75 0.77 0.80 0.17 0.72
K20 0.04 0.04 0.03 0.11 0.13 0.11 0.04 0.03 0.04 0.02 0.03 0.03 0.03
MnO 0.45 0.25 0.18 0.23 0.34 0.32 0.34 0.27 0.27 0.27 0.28 0.07 0.33
Cr20 3 0.01 0.00 0.20 0.18 0.00 0.01 0.07 0.08 0.11 0.13 0.16 0.52 0.04
Totals 99.61 98.71 100.01 98.45 97.74 98.98 99.82 98.95 99.63 98.87 99.45 99.85 99.76
Formula Atoms
Na 0.020 0.024 0.020 0.015 0.027 0.023 0.017 0.017 0.015 0.017 0.017 0.018 0.032
Mg 0.612 0.652 0.902 0.854 0.670 0.676 0.828 0.830 0.836 0.836 0.839 0.934 0.818
Al 0.181 0.226 0.103 0.107 0.219 0.219 0.108 0.102 0.112 0.115 0.110 0.054 0.151
Si 1.846 1.809 1.924 1.904 1.790 1.815 1.912 1.920 1.905 1.906 1.903 1.960 1.884
Fe 0.455 0.392 0.196 0.262 0.423 0.394 0.277 0.293 0.274 0.281 0.277 0.134 0.303
Ca 0.828 0.860 0.857 0.851 0.834 0.847 0.844 0.822 0.848 0.832 0.843 0.888 0.816
Ti 0.058 0.059 0.009 0.019 0.069 0.049 0.021 0.021 0.021 0.022 0.023 0.005 0.020
K 0.002 0.002 0.002 0.005 0.006 0.005 0.002 0.001 0.002 0.001 0.002 0.001 0.001
Mn 0.015 0.008 0.006 0.007 0.011 0.010 0.011 0.008 0.009 0.009 0.009 0.002 0.011
Cr 0.000 0.000 0.006 0.005 0.000 0.000 0.002 0.002 0.003 0.004 0.005 0.015 0.001
Formula Totals 10.02 10.03 10.02 10.03 10.05 10.04 10.02 10.02 10.03 10.02 10.03 10.01 10.04
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Analysis
point:
H12R-13 
2 pheno
H12R-13 
3 pheno
H12R-13 
4 pheno
H12R-13 
5 pheno
H12R-13 
6 pheno
H12N-52 
1 pheno
H12N-52 
1 pheno
H12N-52 
3 pheno
H12N-52 
4 pheno
H12N-52 
5 pheno
H12N-52 
5 pheno 
edge
H12N52 6 
pheno
Na20 0.30 0.30 0.38 0.33 0.36 0.43 0.47 0.41 0.43 0.49 0.43 0.42
MgO 14.31 ,14.40 15.00 14.60 15.27 15.55 15.92 15.33 15.38 15.35 15.20 15.06
AI2O3 3.16 3.03 3.48 2.88 2.29 3.40 3.56 3.04 3.25 3.32 3.33 3.17
S i02 50.12 50.05 50.35 50.62 51.20 50.69 51.26 50.60 49.72 50.72 50.52 50.73
FeO 9.47 9.95 9.21 9.66 9.15 7.49 7.37 7.99 7.91 8.88 8.45 8.57
CaO 21.05 20.64 20.52 20.65 20.85 21.01 21.24 21.26 ' 20.54 19.80 20.26 20.33
Ti02 0.85 0.84 0.64 0.80 0.57 0.60 0.63 0.79 0.67 0.76 0.75 0.89
K20 0.09 0.05 0.05 0.05 0.05 0.05 0.02 0.03 0.02 0.06 0.02 0.04
MnO 0.27 0.25 0.22 0.27 0.31 0.168 0.160 0.261 0.192 0.282 0.269 0.224
Cr20 3 0.04 0.03 0.02 0.02 0.00 0.271 0.213 0.000 0.200 0.023 0.032 0.015
Totals 99.66 99.54 99.90 99.89 100.06 99.66 100.85 99.72 98.30 99.70 99.25 99.44
Formula Atoms
Na 0.022 0.022 0.028 0.024 0.026 0.031 0.034 0.030 0.031 0.036 0.031 0.030
Mg 0.802 0.809 0.836 0.815 0.850 0.863 0.872 0.853 0.868 0.854 0.849 0.840
Al 0.140 0.135 0.154 0.127 0.101 0.149 0.154 0.134 0.145 0.146 0.147 0.140
Si 1.885 1.886 1.882 1.897 1.912 1.887 1.884 1.889 1.881 1.893 1.892 1.897
Fe 0.298 0.314 0.288 0.303 0.286 0.233 0.226 0.250 0.250 0.277 0.265 0.268
Ca 0.848 0.833 0.822 0.829 0.834 0.838 0.836 0.850 0.833 0.792 0.813 0.814
Ti 0.024 0.024 0.018 0.022 0.016 0.017 0.017 0.022 0.019 0.021 0.021 0.025
K 0.004 0.003 0.003 0.003 0.003 0.002 0.001 0.001 0.001 0.003 0.001 0.002
Mn 0.008 0.008 0.007 0.009 0.010 0.005 0.005 0.008 0.006 0.009 0.009 0.007
Cr 0.001 0.001 0.001 0.001 0.000 0.008 0.006 0.000 0.006 0.001 0.001 0.000
Formula Totals 10.03 10.03 10.04 10.03 10.04 10.03 10.04 10.04 10.04 10.03 10.03 10.02
139
Analysis
point:
H12N-52 
7 pheno
H12N-55 
1 small 
pheno
H12N-55 
1 small 
pheno
H12N-55 
2 pheno
H12N-55 
2 pheno
H12N-55 
2 pheno
H12N-55 
3 small 
pheno
H12N-55 
4 small 
pheno
H12N-55 
5 pheno
H12N-55 
6 small 
pheno
H12N-54 
1 pheno
H12N-54 
2 pheno
Na20 0.42 0.38 0.28 0.35 0.40 0.44 0.47 0.43 0.33 0.32 0.39 0.33
MgO 15.21 15.03 15.42 15.28 15.02 15.70 15.34 15.22 15.38 15.22 15.09 15.40
AI2O3 3.50 3.51 3.45 3.15 3.47 2.60 3.32 3.62 2.93 3.24 3.43 3.30
S i02 50.09 50.40 51.35 50.05 50.02 51.34 50.94 50.81 51.07 51.19 50.97 51.34
FeO 7.75 7.81 7.50 8.15 8.29 8.26 8.82 8.34 7.88 7.85 7.36 7.41
CaO 20.82 20.85 21.25 20.54 20.56 19.95 20.47 20.08 ' 20.65 20.48 20.15 20.88
Ti02 0.78 0.80 0.78 0.73 0.72 0.72 0.84 0.70 0.69 0.73 0.74 0.68
K20 0.03 0.04 0.02 0.02 0.02 0.05 0.03 0.01 0.03 0.02 0.04 0.03
MnO 0.187 0.157 0.158 0.183 0.202 0.217 0.196 0.166 0.210 0.198 0.178 0.155
Cr20 3 0.142 0.108 0.130 0.071 0.082 0.041 0.056 0.179 0.104 0.125 0.177 0.127
Totals 98.91 99.09 100.33 98.53 98.79 99.31 100.46 99.56 99.29 99.38 98.53 99.65
Formula Atoms
Na 0.030 0.028 0.020 0.026 0.030 0.032 0.033 0.031 0.024 0.023 0.028 0.024
Mg 0.852 0.840 0.848 0.860 0.844 0.874 0.847 0.845 0.856 0.845 0.843 0.852
Al 0.155 0.155 0.150 0.140 0.154 0.114 0.145 0.159 0.129 0.142 0.151 0.144
Si 1.881 1.888 1.895 1.889 1.884 1.916 1.888 1.893 1.907 1.907 1.910 1.905
Fe 0.243 0.245 0.231 0.257 0.261 0.258 0.273 0.260 0.246 0.245 0.231 0.230
Ca 0.838 0.837 0.840 0.831 0.830 0.798 0.813 0.802 0.826 0.818 0.809 0.830
Ti 0.022 0.022 0.022 0.021 0.020 0.020 0.023 0.020 0.019 0.021 0.021 0.019
K 0.001 0.002 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.002 0.002
Mn 0.006 0.005 0.005 0.006 0.006 0.007 0.006 0.005 0.007 0.006 0.006 0.005
Cr 0.004 0.003 0.004 0.002 0.002 0.001 0.002 0.005 0.003 0.004 0.005 0.004
Formula Totals 10.03 10.03 10.02 10.03 10.03 10.02 10.03 10.02 10.02 10.01 10.01 10.01
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Analysis
point:
H12N-54 
3 pheno
H12N-54 
4 pheno
H12N-54 
5 pheno
H12N-54 
5 pheno 
edge
GSF-36 
circle 1
GSF-36 
circle 1
GSF-36 
circle 1
GSF-36 
circle 2, 70 
microns
GSF-36 
circle 3, 60 
microns
GSF-36 
circle 4, 
pheno 
centr
GSF-36 
circle 4, 
same, 20 
microns
GSF-36 
circle 5, 
100 
micron
GSF-36 
circld 6, 
pheno, 
interior
Na20 0.37 0.36 0.35 0.35 0.24 0.25 0.23 0.27 0.27 0.37 0.21 0.28 0.44
MgO 15.43 14.92 15.60 15.07 10.81 14.73 15.32 13.52 14.68 16.16 15.64 16.30 17.52
AI2O3 3.29 3.34 2.84 3.72 1.79 1.96 1.73 1.94 1.90 2.52 1.70 2.40 2.35
S i02 50.76 51.03 52.14 51.51 50.01 50.34 51.07 50.13 50.79 51.11 50.71 50.74 52.04
FeO 7.47 7.63 8.06 7.43 16.34 11.49 11.74 13.49 12.21 9.45 11.50 10.22 6.55
CaO 20.88 20.72 19.97 19.93 17.44 18.52 18.57 17.49 '18.24 18.57 17.34 17.99 18.78
Ti02 0.70 0.73 0.66 0.78 0.12 0.77 0.55 1.08 0.73 0.63 0.55 0.56 0.25
K20 0.02 0.04 0.03 0.03 0.10 0.02 0.05 0.06 0.05 0.02 0.01 0.03 0.01
MnO 0.140 0.209 0.256 0.194 1.202 0.378 0.356 0.474 0.404 0.307 0.345 0.344 0.184
Cr20 3 0.174 0.070 0.015 0.134 0.022 0.035 0.094 0.000 0.000 0.255 0.039 0.203 0.682
Totals 99.25 99.05 99.93 99.15 98.06 98.50 99.72 98.45 99.28 99.41 98.05 99.07 98.80
Formula Atoms
Na 0.027 0.026 0.025 0.025 0.018 0.019 0.017 0.020 0.020 0.027 0.016 0.020 0.032
Mg 0.859 0.832 0.860 0.835 0.631 0.837 0.860 0.774 0.829 0.901 0.889 0.914 0.969
Al 0.145 0.147 0.124 0.163 0.082 0.088 0.077 0.088 0.085 0.111 0.076 0.107 0.103
Si 1.895 1.907 1.928 1.914 1.959 1.919 1.924 1.926 1.925 1.911 1.934 1.908 1.931
Fe 0.233 0.238 0.249 0.231 0.535 0.366 0.370 0.433 0.387 0.295 0.367 0.322 0.203
Ca 0.835 0.830 0.791 0.793 0.732 0.757 0.750 0.720 0.741 0.744 0.708 0.725 0.747
Ti 0.020 0.020 0.018 0.022 0.003 0.022 0.016 0.031 0.021 0.018 0.016 0.016 0.007
K 0.001 0.002 0.001 0.002 0.005 0.001 0.002 0.003 0.002 0.001 0.001 0.002 0.001
Mn 0.004 0.007 0.008 0.006 0.040 0.012 0.011 0.015 0.013 0.010 0.011 0.011 0.006
Cr 0.005 0.002 0.000 0.004 0.001 0.001 0.003 0.000 0.000 0.008 0.001 0.006 0.020
Formula Totals 10.02 10.01 10.00 9.99 10.01 10.02 10.03 10.01 10.02 10.03 10.02 10.03 10.02
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Garrison 
Intermediate Sills
Analysis
point:
GSF-36 
circle 6, 
pheno, 20 
mics
GSF-36 
circle 7, 
interior
Na20 0.26 0.22
MgO 16.04 16.25
AI2O3 2.39 2.63
S i02 50.80 50.88
FeO 9.69 9.15
CaO 18.50 18.09
Ti02 0.57 0.61
K20 0.04 0.06
MnO 0.280 0.285
Cr20 3 0.196 0.203
Totals 98.77 98.39
Formula Atoms
Na 0.019 0.016
Mg 0.901 0.912
Al 0.106 0.117
Si 1.914 1.916
Fe 0.305 0.288
Ca 0.747 0.730
Ti 0.016 0.017
K 0.002 0.003
Mn 0.009 0.009
Cr 0.006 0.006
Formula Totals 10.02 10.01
H12R-1M 
1 pheno
H12R-1M 
2 pheno
H12R-1M 
3 pheno
H12R-1M 
4 pheno
I90R-69
1
I90R-69 2
pheno
center
I90R-69 2
pheno
edge
I90R-69
3
I90R-69
4
I90R-69 5 
pheno
0.25 0.25 0.26 0.32 0.35 0.33 0.34 0.35 0.34 0.34
15.64 15.49 17.45 15.50 15.68 15.54 14.49 15.38 15.44 15.70
2.35 2.66 1.48 2.96 2.18 2.05 1.05 1.91 2.63 2.30
51.03 50.75 53.92 50.83 52.03 51.26 52.09 51.96 50.76 52.11
8.76 9.56 4.61 7.75 7.82 9.34 9.93 9.87 8.71 8.62
20.45 19.92 22.34 21.04 20.99 19.8(i) 20.47 19.64 21.00 20.35
0.67 0.82 0.20 0.65 0.53 0.67 0.48 0.59 0.63 0.65
0.09 0.03 0.03 0.04 0.07 0.04 0.04 0.03 0.02 0.04
0.30 0.32 0.19 0.18 0.36 0.42 0.39 0.42 0.29 0.33
0.17 0.14 0.22 0.27 0;02 0.01 0.00 0.01 0.06 0.02
99.69 99.94 100.71 99.54 .100.02 99.53 99.27 100.17 99.87 100.47
0.018 0.018 0.018 0.023 0.025 0.024 0.025 0.025 0.024 0.025
0.872 0.863 0.944 0.862 0.867 0.868 0.814 0.854 0.860 0.865
0.104 0.117 0.063 0.130 0.095 0.091 0.046 0.084 0.116 0.100
1.907 1.896 1.958 1.896 1.929 1.921 1.962 1.935 1.897 1.926
0.274 0.299 0.140 0.242 0.242 0.293 0.313 0.307 0.272 0.266
0.819 0.798 0.869 0.841 0.834 0.797 0.826 0.784 0.841 0.806
0.019 0.023 0.006 0.018 0.015 0.019 0.014 0.017 0.018 0.018
0.004 0.002 0.001 0.002 0.003 0.002 0.002 0.002 0.001 0.002
0.009 0.010 0.006 0.006 0.011 0.013 0.012 0.013 0.009 0.010
0.005 0.004 0.006 0.008 0.001 0.000 0.000 0.000 0.002 0.001
10.03 10.03 10.01 10.03 10.02 10.03 10.01 10.02 10.04 10.02
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Analysis
point:
H12R-8
1
H12R-8
2
H12R-8
5
H12R-8
6
H12R-8 8 
pheno
H12R-8 8 
pheno #2
Na20 0.26 0.31 0.27 0.29 0.29 0.29
MgO 14.79 14.84 15.27 14.78 15.34 15.18
AI2O3 2.47 2.28 2.34 2.64 2.49 2.42
S i02 51.02 50.90 51.28 50.47 51.39 51.28
FeO 10.06 10.00 9.81 10.15 9.55 9.22
CaO 20.31 20.16 20.14 19.53 20.03 19.92
Ti02 0.80 0.80 0.74 0.69 0.65 0.74
K20 0.03 0.03 0.03 0.10 0.02 0.05
MnO 0.27 0.26 0.25 0.30 0.27 0.29
Cr20 3 0.15 0.12 0.18 0.14 0.17 0.21
Totals 100.15 99.71 100.31 99.08 100.21 99.60
Formula Atom!
Na 0.019 0.022 0.019 0.021 0.021 0.021
Mg 0.824 0.830 0.848 0.832 0.851 0.846
Al 0.109 0.101 0.103 0.117 0.109 0.107
Si 1.907 1.911 1.910 1.906 1.913 1.918
Fe 0.315 0.314 0.306 0.320 0.297 0.288
Ca 0.813 0.811 0.804 0.790 0.799 0.798
Ti 0.022 0.023 0.021 0.020 0.018 0.021
K 0.001 0.001 0.002 0.005 0.001 0.003
Mn 0.009 0.008 0.008 0.010 0.008 0.009
Cr 0.004 0.004 0.005 0.004 0.005 0.006
Formula Totals 10.02 10.03 10.03 10.03 10.02 10.02
Garrison Syenite
H12R-10 
1 pheno
H12R-10
2
H12R-10
3
H12R-10 
4 pheno
0.35 0.30 0.28 0.27
13.97 13.76 13.79 13.89
2.00 1.81 2.13 1.16
51.08 50.72 50.82 51.95
11.80 11.99 12.20 11.69
19.57 19.69 '19.45 20.40
0.79 0.72 0.86 0.38
0.06 0.07 0.03 0.06
0.38 0.52 0.47 0.56
0.00 0.00 0.05 0.00
100.00 99.59 100.08 100.36
0.025 0.022 0.020 0.020
0.785 0.778 0.776 0.778
0.089 0.081 0.094 0.051
1.925 1.924 1.917 1.952
0.372 0.380 0.385 0.367
0.790 0.801 0.786 0.822
0.022 0.021 0.024 0.011
0.003 0.003 0.002 0.003
0.012 0.017 0.015 0.018
0.000 0.000 0.002 0.000
10.02 10.03 10.02 10.02
Elkhorn
Basalts
HDFN-66 
1 pheno
HDFN-66 
1 pheno 
40
microns
0.22 0.28
16.63 16.52
2.59 2.95
51.28 51.44
7.90 9.17
19.86 18.71
0.48 0.51
0.03 0.02
0.24 0.23
0.24 0.05
99.47 99.87
0.016 0.020
0.923 0.914
0.114 0.129
1.908 1.908
0.246 0.284
0.792 0.744
0.013 0.014
0.002 0.001
0.008 0.007
0.007 0.001
10.03 10.02
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Analysis
point:
HDFN-66 
3 pheno
HDFN-66 
4 pheno
HDFN-66 
5 pheno
HDNF-65 
1 small 
pheno
HDNF-65 
2 pheno
HDNF-65 
2 pheno 
edge
HDNF-65 
3 pheno
HDNF-65 
4 pheno
HDNF-65 
4 pheno 
edge
HDNF-65 
5 pheno
HDNF-65 
6 pheno
HDNF-65 
6 pheno
Na20 0.21 0.28 0.26 0.33 0.33 0.30 0.28 0.33 0.29 0.32 0.33 0.25
MgO 17.01 15.72 17.85 15.15 15.19 15.35 15.38 15.17 15.17 14.51 14.51 14.82
AI2O3 2.38 3.44 1.40 1.81 1.33 1.41 1.91 1.72 1.73 ; 3.00 1.53 1.62
S i02 51.61 50.77 53.33 52.39 53.10 53.40 52.63 53.26 52.47 50.05 51.11 52.59
FeO 8.29 8.30 5.75 8.26 8.55 8.16 7.97 8.91 8.29 8.67 10.04 9.15
CaO 19.43 20.01 20.81 20.45 20.50 20.40 20.73 20.16 20.33 20.48 19.72 19.90
Ti02 0.50 0.64 0.24 0.53 0.34 0.36 0.48 0.45 0.45 0.72 0.41 0.36
K20 0.03 0.04 0.03 0.04 0.03 0.03 0.02 0.03 0.02 0.03 0.01 0.03
MnO 0.23 0.18 0.22 0.413 0.460 0.329 0.365 0.467 0.369 0.380 0.439 0.370
Cr20 3 0.14 0.14 0.30 0.033 0.017 0.000 0.023 0.007 0.000 0.002 0.000 0.013
Totals 99.83 99.52 100.20 99.40 99.84 99.74 99.80 100.52 99.11 98.16 98.11 99.11
Formula Atom;
Na 0.015 0.020 0.018 0.024 0.023 0.021 0.020 0.024 0.021 0.024 0.025 0.018
Mg 0.940 0.874 0.973 0.842 0.841 0.848 0.850 0.834 0.845 0.821 0.825 0.827
Al 0.104 0.151 0.060 0.080 0.058 0.061 0.084 0.075 0.076 0.134 0.069 0.071
Si 1.913 1.892 1.951 1.953 1.972 1.978 1.952 1.965 1.960 1.901 1.948 1.969
Fe 0.257 0.259 0.176 0.258 0.266 0.253 0.247 0.275 0.259 0.275 0.320 0.287
Ca 0.772 0.799 0.816 0.817 0.816 0.809 0.824 0.797 0.814 0.833 0.805 0.798
Ti 0.014 0.018 0.007 0.015 0.009 0.010 0.013 0.012 0.013 0.021 0.012 0.010
K 0.001 0.002 0.001 0.002 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.002
Mn 0.007 0.006 0.007 0.013 0.014 0.010 0.011 0.015 0.012 0.012 0.014 0.012
Cr 0.004 0.004 0.009 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Formula Totals 10.03 10.02 10.02 10.00 10.00 9.99 10.00 10.00 10.00 10.02 10.02 9.99
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Dunkleberg 
Ridge Dike
DBR-1 1 
pheno
DBR-1 2 
pheno
DBR-1 3 
pheno
DBR-1 4 
pheno
DBR-1 5 
pheno
DBR-1 5 
pheno
0.28 0.25 0.31 0.30 0.28 0.27
16.39 17.07 16.64 16.09 16.10 16.26
3.23 2.12 3.08 3.20 3.20 3.03
51.24 51.95 51.48 50.38 51.53 51.81
7.41 7.42 7.27 8.19 7.00 6.82
20.30 20.30 20.41 19.99 20.91 20.73
0.53 0.43 0.49 0.65 0.46 0.51
0.04 0.05 0.03 0.04 0.02 0.02
0.21 0.23 0.19 0.14 0.22 0.25
0.22 0.20 0.43 0.16 0.37 0.44
99.84 100.02 100.33 99.13 100.09 100.16
0.020 0.018 0.022 0.022 0.020 0.020
0.904 0.940 0.914 0.898 0.886 0.893
0.141 0.092 0.134 0.141 0.139 0.131
1.897 1.919 1.896 1.886 1.902 1.908
0.229 0.229 0.224 0.256 0.216 0.210
0.805 0.804 0.805 0.802 0.827 0.818
0.015 0.012 0.014 0.018 0.013 0.014
0.002 0.002 0.001 0.002 0.001 0.001
0.006 0.007 0.006 0.005 0.007 0.008
0.006 0.006 0.013 0.005 0.011 0.013
10.03 10.03 10.03 10.03 10.02 10.02
Analysis
point:
HDNF-65 
7 pheno
Na20 0.33
MgO 15.14
AI2O3 2.03
S i02 52.21
FeO 8.40
CaO 20.26
Ti02 0.49
K20 0.02
MnO 0.334
CD
OO
0.010
Totals 99.22
Formula Atoms
Na 0.024
Mg 0.843
Al 0.089
Si 1.950
Fe 0.262
Ca 0.811
Ti 0.014
K 0.001
Mn 0.011
Cr 0.000
Formula Totals 10.00
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Plagioclase 
Garrison 
basalts
Analysis point;
GSF-15
pheno
center
GSF-15
pheno
center
GSF-15 
pheno 
center #2
GSF-15 
pheno 
160u from 
center
GSF-15 
pheno 
360u from 
center
GSF-15 
pheno 
150u from 
end
GSF-15 
pheno 
15u from 
end
GSF-15 
2 pheno 
center
GSF-15 
2 pheno 
center
GSF-15 
3 pheno 
center
GSF-15 
3 pheno 
rim
GSF-15 
3 pheno 
rim
GSF-15 
4 pheno 
center
Na20 4.07 4.19 3.94 3.79 4.11 3.90 3.79 3.95 3.91 3.98 3.57 3.87 3.93
AI2O3 28.39 29.29 29.52 30.03 29.13 30.24 30.50 30.25 29.24 29.13 29.57 29.33 29.31
S i02 52.24 52.98 52.30 51.94 53.26 51.99 51.71 49.30 51.12 51.65 51.07 51.67 52.51
FeO 0.82 0.80 0.80 0.80 0.82 0.78 0.91 0.70 0.82 0.84 0.97 0.79 0.83
CaO 12.21 11.82 12.13 12.80 11.86 12.61 12.74 11.71 12.68 12.45 12.82 12.70 12.24
K20 0.69 0.72 0.67 0.60 0.72 0.57 0.56 0.61 0.53 0.68 0.45 0.54 0.67
BaO 0.12 0.08 0.06 0.05 0.07 0.10 0.05 0.09 1 0.06 0.08 0.02 0.06 0.08
MgO
Ti02
MnO
CO
0
CM
O
Oxide Totals 98.53 99.91 99.42 100.01 100.00 100.19 100.26 96.61 98.36 98.83 98.50 98.96 99.57
Formula Atoms
Na 0.000 0.370 0.349 0.336 0.362 0.344 0.334 0.361 0.352 0.357 0.320 0.346 0.348
Al 0.000 1.572 1.593 1.614 1.561 1.622 1.636 1.683 1.600 1.586 1.614 1.593 1.580
Si 0.000 2.413 2.395 2.369 2.423 2.366 2.353 2.327 2.373 2.386 2.365 2.382 2.402
Fe 0.000 0.030 0.031 0.030 0.031 0.030 0.035 0.027 0.032 0.033 0.038 0.030 0.032
Ca 0.000 0.577 0.595 0.626 0.578 0.615 0.621 0.592 0.630 0.616 0.636 0.627 0.600
K 0.000 0.042 0.039 0.035 0.042 0.033 0.032 0.036 0.031 0.040 0.027 0.032 0.039
Ba 0.000 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.001 0.000 0.001 0.002
Mg
Ti
Mn
Cr
Formula Totals G.60O 13.007 13.003 13.010 T3.333 13.012 13.012 13.03d 13.010 13.010 13.001 13.011 T3"75G2
An 58.4 60.5 62.8 58.9 62.0 62.9 59.8 62.2 60.8 64.7 62.4 60.8
Al 37.4 35.5 33.7 36.9 34.7 33.8 36.5 34.7 35.2 32.6 34.4 35.3
Or 4.2 4.0 3.5 4.2 3.3 3.3 3.7 3.1 4.0 2.7 3.2 3.9
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Analysis point:
GSF-15 
4 pheno 
edge
GSF-39 
1 pheno 
center
GSF-39 
1 pheno 
edge
GSF-39 
2 pheno
GSF-39 
3 pheno
GSF-39 
6 pheno 
center
GSF-39 
2 pheno 
center
GSF-7 
1 pheno 
center
GSF-7 1
pheno
edge
GSF-7
2
gndms
GSF-7
3
gndms
H12R-13 
1 pheno 
center
H12N-52 
1 small 
pheno
H12N-52 
1 small 
pheno
Na20 3.68 4.02 4.11 3.77 4.75 3.75 4.43 3.39 2.22 4.44 3.17 4.42 11.79 11.04
AI2O3 29.16 29.48 29.07 29.91 28.18 29.55 29.24 30.99 32.72 28.23 30.60 28.74 20.47 21.00
S i02 51.02 51.71 51.11 51.63 53.45 50.91 53.51 50.38 47.34 52.67 49.40 52.55 67.37 68.15
FeO 0.84 0.72 0.82 0.71 1.25 0.65 0.62 0.72 0.70 0.70 0.77 0.69 0.06 0.02
CaO 12.62 12.50 12.12 12.67 10.13 12.55 11.69 13.76 16.02 11.65 14.11 11.65 0.19 0.18
K20 0.55 0.58 0.57 0.70 0.86 0.53 0.73 0.40 0.25 0.65 0.42 0.71 0.10 0.04
BaO 0.01 0.05 0.06 0.05 0.01 0.02 0.01 0.00 0.05 0.00 0.00
MgO 0.12 0.61 0.11
Ti02 0.03 0.03 0.04
MnO 0.06 0.02 0.00
Cr20 3 0.01 0.01 0.00
Oxide Totals 97.92 99.08 97.87 99.63 99.30 98.10 100.28 99.67 99.29 98.38 98.46 98.80 100.03 100.44
Formula Atoms
Na 0.332 0.359 0.371 0.335 0.421 0.337 0.389 0.301 0.200 0.398 0.286 0.394 1.001 0.929
Al 1.601 1.599 1.597 1.614 1.520 1.617 1.562 1.675 1.787 1.538 1.678 1.560 1.056 1.074
Si 2.377 2.380 2.382 2.364 2.447 2.364 2.425 2.310 2.194 2.435 2.298 2.420 2.950 2.957
Fe 0.033 0.028 0.032 0.027 0.048 0.025 0.023 0.028 0.027 0.027 0.030 0.026 0.002 0.001
Ca 0.630 0.616 0.605 0.622 0.497 0.625 0.568 0.676 0.795 0.577 0.703 0.575 0.009 0.009
K 0.033 0.034 0.034 0.041 0.050 0.032 0.042 0.024 0.015 0.039 0.025 0.042 0.005 0.002
Ba 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Mg 0.008 0.041 0.008
Ti 0.001 0.001 0.002
Mn 0.002 0.001 0.000
Cr 0.000 0.000 0.000
Formula to tals 13.006 13.617 13.022 13.016 13.627 13.616 13.616 13.614 13.020 ~T5.'5U' 13.016 13.018 13.625 12.971
An 63.3 61.1 59.9 62.3 51.3 62.9 56.8 67.6 78.7 56.9 69.4 56.9 0.9 0.9
Al 33.4 35.5 36.7 33.6 43.5 34.0 39.0 30.1 19.8 39.3 28.2 39.0 98.6 98.9
Or 3.3 3.4 3.4 4.1 5.2 3.2 4.2 2.3 1.5 3.8 2.4 4.1 0.5 0.2
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Analysis point:
H12N-52 
1 small 
pheno
H12N-52 2 
small
pheno near 
edge
H12N-52 1 
small
pheno near 
edge
H12N-52 
3 pheno
H12N-52 
1 small 
pheno
H12N-52 
5 small 
pheno
H12N-52 
5 small 
pheno
H12N-55 
1 pheno
H12N-55 
1 pheno 
edge
H12N-55 
2 pheno
H12N-55 
3 pheno
H12N-55 
4 pheno 
center
Na20 11.77 12.14 11.92 11.37 11.48 11.21 11.19 3.86 3.51 3.95 4.07 3.91
Al20 3 20.46 20.59 20.01 22.87 19.96 20.91 20.54 30.40 31.32 30.41 29.91 30.72
Si02 66.09 67.43 65.63 64.52 66.68 65.81 67.02 51.14 49.92 51.11 51.18 51.75
FeO 0.06 0.11 0.14 0.15 0.14 0.11 0.14 0.72 0.81 0.84 0.78 0.69
CaO 0.13 0.07 0.11 0.38 0.36 0.14 0.19 11.61 12.70 11.58 11.41 11.25
K20 0.06 0.06 0.05 1.25 0.21 0.50 0.09 0.57 0.45 0.61 0.65 0.55
BaO 0.01 0.00 0.00 0.02 0.00 0.00 0.01 0.04 0.01 0.05 0.03 0.00
MgO
Ti02
MnO
Cr20 3
Oxide Totals 98.58 100.40 97.87 100.56 98.89 98.69 99.18 98.35 98.73 98.53 98.01 98.87
Formula Atoms
Na 1.014 1.028 1.036 0.970 0.986 0.966 0.956 0.345 0.315 0.353 0.366 0.348
Al 1.072 1.059 1.057 1.186 1.043 1.095 1.066 1.655 1.705 1.654 1.635 1.659
Si 2.937 2.944 2.942 2.839 2.956 2.924 2.953 2.362 2.306 2.359 2.374 2.371
Fe 0.002 0.004 0.005 0.006 0.005 0.004 0.005 0.028 0.031 0.032 0.030 0.026
Ca 0.006 0.003 0.005 0.018 0.017 0.007 0.009 0.574 0.629 0.573 0.567 0.553
K 0.003 0.004 0.003 0.070 0.012 0.029 0.005 0.034 0.026 0.036 0.038 0.032
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000
Mg
Ti
Mn
Cr
formula to tals 13.035 13.642 13.049 13.089 13.621 13.025 12.995 13.060 13.012 13.008 13.011 12.989
An 0.6 0.3 0.5 1.7 1.7 0.7 0.9 60.3 64.8 59.6 58.4 59.3
Al 99.1 99.3 99.2 91.7 97.1 96.5 98.5 36.2 32.5 36.7 37.7 37.3
Or 0.3 0.3 0.3 6.6 1.2 2.9 0.5 3.5 2.7 3.7 3.9 3.4
Analysis point:
H12N-55 
4 pheno 
edge
H12N-55 
5 pheno
H12N-55 
7 pheno
H12N-55 
7 pheno 
edge
H12N-54 
1 pheno
H12N-54 
2 gndms
H12N-54 
1 pheno
H12N-54 
1 pheno 
edge
H12N-54 
2 pheno
H12N-54 
5 pheno
H12N-54 
5 pheno 
edge
GSF-36 
circle 1, 
pheno
GSF-36 
circle 1, 
pheno
Na20 4.32 4.10 4.18 3.56 3.18 4.35 3.87 2.64 3.88 3.48 4.25 3.68 3.45
AI2O3 29.90 29.63 29.48 30.93 32.31 29.48 31.55 32.56 30.54 30.81 30.46 30.59 30.88
S i02 51.51 51.07 51.67 49.67 47.93 53.28 51.90 47.33 51.50 52.05 51.94 50.51 50.23
FeO 0.77 0.79 0.76 0.81 0.74 0.81 0.75 0.79 0.77 0.67 0.80 0.65 0.74
CaO 10.76 11.25 10.73 12.40 13.39 10.39 11.58 14.09 11.31 12.15 11.27 12.89 13.13
K20 0.55 0.59 0.64 0.45 0.33 0.78 0.47 0.33 0.54 0.55 0.61 0.43 0.41
BaO 0.02 0.00 0.11 0.06 0.00 0.11 0.06 0.03 0.00 0.01 0.04 0.03 0.01
MgO
Ti02
MnO
Cr20 3
Oxide Totals 97.82 97.42 97.56 97.87 97.88 99.20 100.18 97.76 98.52 99.72 99.38 98.78 98.84
Formula Atoms
Na 0.388 0.370 0.377 0.322 0.288 0.385 0.340 0.240 0.346 0.307 0.377 0.330 0.309
Al 1.633 1.628 1.615 1.698 1.779 1.586 1.684 1.798 1.656 1.652 1.641 1.664 1.680
Si 2.388 2.381 2.402 2.314 2.239 2.432 2.350 2.217 2.370 2.368 2.374 2.331 2.318
Fe 0.030 0.031 0.029 0.031 0.029 0.031 0.028 0.031 0.030 0.026 0.031 0.025 0.028
Ca 0.534 0.562 0.534 0.619 0.670 0.508 0.562 0.707 0.557 0.592 0.552 0.637 0.649
K 0.032 0.035 0.038 0.026 0.020 0.045 0.027 0.020 0.031 0.032 0.036 0.026 0.024
Ba 0.000 0.000 0.002 0.001 0.000 0.002 0.001 0.000 0.000 0.000 0.001 0.000 0.000
Mg
Ti
Mn
Cr
Formula Totals 15.066 T3.507 15.666 13.011 13.635 13.996 12.961 13.013 12.661 12.976 13.011 13.014 13.666
An 56.0 58.1 56.3 64.0 68.5 54.2 60.5 73.2 59.6 63.6 57.2 64.2 66.1
Al 40.6 38.3 39.7 33.3 29.4 41.0 36.6 24.8 37.0 33.0 39.1 33.2 31.4
Or 3.4 3.6 4.0 2.7 2.0 4.8 2.9 2.0 3.4 3.4 3.7 2.6 2.5
149
Analysis point:
GSF-36 
circle 1, 
1st pt
GSF-36 
circle 2, 
150
microns
GSF-36 
circle 3, 
150
microns
GSF-36 
circle 4, 
60
microns
GSF-36 
circle 4, 
400
microns
GSF-36 
circle 5, 
700
microns
GSF-36 
circle 6, 
40 mics
Na20 3.24 3.75 3.65 5.23 3.09 3.61 4.88
AI2O3 30.91 30.86 30.24 28.37 32.13 31.46 28.74
S i02 50.41 50.44 50.83 54.75 49.68 49.79 53.91
FeO 0.81 0.69 0.68 0.88 0.68 0.74 0.81
CaO 13.56 12.96 12.26 9.86 13.29 12.59 10.66
K20 0.38 0.46 0.54 0.51 0.34 0.33 0.47
BaO 0.00 0.02 0.00 0.06 0.03 0.00 0.00
MgO
Ti02
MnO
Cr20 3
Oxide Totals 99.50 99.19 98.20 99.65 99.24 98.52 99.48
Formula Atoms
Na 0.287 0.335 0.328 0.460 0.275 0.324 0.431
Al 1.669 1.674 1.651 1.516 1.739 1.714 1.542
Si 2.310 2.321 2.354 2.484 2.281 2.302 2.454
Fe 0.028 0.027 0.026 0.033 0.026 0.029 0.031
Ca 0.666 0.639 0.609 0.479 0.654 0.624 0.520
K 0.022 0.027 0.032 0.029 0.020 0.020 0.027
Ba 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Mg
Ti
Mn
Cr
Formula Totals 13.665 13.023 13.060 13.663 "“T 2.667 13.612 13.664
An 68.3 63.8 62.9 49.5 68.9 64.5 53.2
Al 29.5 33.5 33.8 47.5 29.0 33.5 44.1
Or 2.3 2.7 3.3 3.0 2.1 2.0 2.8
Elkhorn basalt
HDNF-65 
1 pheno
HDNF-65 
1 pheno
HDNF-65 
2 pheno
HDNF-65 
3 pheno
HDNF-65 
3 pheno 
edge
HDNF-65 
4 pheno
4.27 4.28 2.26 3.16 3.08 5.66
30.23 30.40 33.06 32.14 32.33 28.54
51.72 51.71 46.26 49.45 49.20 54.69
0.48 0.50 0.67 0.58 0.62 0.46
10.99 11.46 14.75 13.22 13.29 8.94
0.35 0.35 0.15 0.22 0.25 0.62
0.06 0.02 0.07 0.03 0.01 0.08
98.10 98.72 97.23 98.80 98.78 98.99
0.382 0.381 0.207 0.282 0.275 0.499
1.644 1.645 1.838 1.746 1.757 1.531
2.385 2.374 2.181 2.279 2.269 2.490
0.019 0.019 0.026 0.022 0.024 0.017
0.543 0.564 0.745 0.653 0.657 0.436
0.020 0.020 0.009 0.013 0.015 0.036
0.001 0.000 0.001 0.001 0.000 0.001
13.994 13.004 13.666 13.696 12.997 -13.613
57.5 58.4 77.5 68.8 69.4 44.9
40.4 39.5 21.5 29.8 29.1 51.4
2.2 2.1 1.0 1.4 1.6 3.7
150
Analysis point:
HDNF-65 
4 pheno 
edge
HDNF-65 
5 pheno
HDNF-65 
6 pheno
HDNF-65 
6 pheno 
edge
HDNF-65 
7 pheno
HDNF-65 
8 pheno
HDNF-65 
9 plag 
pheno
HDNF-65 
9 pheno 
edge
HDNF-65 
10 small 
pheno
HDNF-65 
11 pheno
HDNF-65 
12 pheno
HDNF-65 
13 pheno
Na20 4.15 2.59 3.00 4.65 2.40 3.37 1.85 6.23 6.05 2.88 3.09 3.22
AI2O3 31.23 34.12 33.45 30.83 34.53 32.50 35.20 27.81 27.93 33.23 32.91 32.66
S i02 51.09 48.17 49.30 53.02 48.39 50.23 46.26 55.70 56.22 48.64 49.67 49.61
FeO 0.45 0.53 0.59 0.44 0.50 0.57 0.43 0.37 0.44 0.53 0.48 0.50
CaO 11.74 14.06 13.39 . 10.81 14.65 12.94 15.96 8.13 8.33 14.02 13.28 13.16
K20 0.33 0.15 0.18 0.39 0.15 0.22 0.11 0.80 0.76 0.21 0.20 0.20
BaO 0.06 0.06 0.03 0.09 0.00 0.01 0.00 0.09 0.07 0.03 0.02 0.00
MgO
Ti02
MnO
Cr20 3
Oxide Totals 99.06 99.69 99.94 100.23 100.62 99.85 99.80 99.13 99.80 99.55 99.65 99.47
Formula Atoms
Na 0.369 0.230 0.265 0.407 0.211 0.298 0.165 0.548 0.528 0.257 0.274 0.285
Al 1.686 1.841 1.796 1.640 1.846 1.744 1.907 1.489 1.484 1.796 1.770 1.761
Si 2.341 2.205 2.246 2.392 2.195 2.287 2.126 2.529 2.534 2.231 2.267 2.269
Fe 0.017 0.020 0.023 0.017 0.019 0.022 0.016 0.014 0.017 0.020 0.018 0.019
Ca 0.576 0.689 0.653 0.523 0.712 0.631 0.786 0.395 0.402 0.689 0.649 0.645
K 0.019 0.009 0.011 0.022 0.009 0.013 0.006 0.047 0.044 0.012 0.012 0.012
Ba 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.002 0.001 0.001 0.000 0.000
Mg
Ti
Mn
Cr
Formula Totals 13.016 12.994 12.394 13.632 12.392 f2'.'336' 13.006 13.024 13.610 13.005 12.661 12.998
An 59.7 74.3 70.3 54.9 76.4 67.0 82.1 39.9 41.3 71.9 69.4 68.5
Al 38.2 24.7 28.5 42.8 22.6 31.6 17.2 55.4 54.2 26.8 29.3 30.3
Or 2.0 1.0 1.1 2.3 1.0 1.3 0.7 4.7 4.5 1.3 1.3 1.3
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Garrison 
intermediate
H12R-1M 
1 pheno 
center
H12R-1M 
1 pheno 
edge
H12R-1M 
2 pheno
H12R-1M 
2 pheno 
100u from 
edge
H12R-1M 
3 pheno 
center
H12R-1M 
3 pheno 
30u from 
edge
H12R-1M 
4 pheno 
center
I90R-69 
1 pheno 
center
I90R-69 1 
pheno 
75u from 
edge
I90R-69 
2 pheno 
center
I90R-69 2 
pheno 
30u from 
edge
3.16 4.82 3.63 4.65 4.24 8.57 4.53 5.45 5.34 4.49 4.90
31.87 29.29 29.99 29.34 29.66 23.53 29.14 27.37 27.68 29.82 29.08
49.73 52.19 50.36 52.35 51.73 61.67 52.78 54.39 54.00 52.16 53.53
0.48 0.55 0.62 0.52 0.55 0.23 0.53 0.56 0.56 0.54 0.57
14.28 11.66 13.24 11.94 12.49 4.66 11.88 9.70 10.51 12.08 11.20
0.38 0.22 0.32 0.37 0.37 0.79 0.64 0.85 0.59 0.57 0.45
0.00 0.06 0.00 0.05 0.00 0.00 0.05 0.11 0.11 0.08 0.02
99.95 98.82 98.15 99.21 99.07 99.45 99.56 98.43 98.79 99.76 99.81
0.281 0.430 0.327 0.413 0.378 0.743 0.401 0.486 0.476 0.397 0.432
1.719 1.587 1.642 1.585 1.606 1.240 1.569 1.484 1.498 1.605 1.558
2.276 2.400 2.340 2.399 2.377 2.757 2.412 2.502 2.479 2.382 2.433
0.018 0.021 0.024 0.020 0.021 0.009 0.020 0.021 0.022 0.020 0.022
0.700 0.574 0.659 0.586 0.615 0.223 0.582 0.478 0.517 0.591 0.546
0.022 0.013 0.019 0.021 0.022 0.045 0.037 0.050 0.034 0.033 0.026
0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.002 0.002 0.001 0.000
15.016 13.026 13.011 16.025 13.020 13.017 15.666 15.654 13.027 15.051 15.6T7
69.8 56.5 65.6 57.4 60.6 22.1 57.0 47.1 50.3 57.9 54.4
28.0 42.2 32.5 40.5 37.2 73.5 39.3 48.0 46.3 38.9 43.0
2.2 1.3 1.9 2.1 2.2 4.4 3.7 4.9 3.3 3.2 2.6
Analysis point:
HDNF-65 
13 pheno 
edge
Na20 3.18
AI2O3 33.10
S i02 49.70
FeO 0.54
CaO 13.23
K20 0.25
BaO 0.00
MgO
Ti02
MnO
Cr20 3
Oxide Totals 100.00
Formula Atoms
Na 0.280
Al 1.775
Si 2.262
Fe 0.021
Ca 0.645
K 0.015
Ba 0.000
Mg
Ti
Mn
Cr
Formula Totals 15.658
An 68.6
Al 29.8
Or 1.6
152
Garrison syenite
H12R-10 
1 gndms
H12R-10 
1 small 
pheno
H12R-10 
2 pheno
11.48 12.01 12.22
20.23 19.88 20.12
67.16 67.97 68.42
1.23 0.00 0.03
0.66 0.13 0.03
0.13 0.17 0.06
0.19 0.01 0.01
0.16
0.03
0.01
101.28 100.20 100.92
0.970 1.018 1.028
1.039 1.024 1.029
2.926 2.972 2.969
0.045 0.000 0.001
0.031 0.006 0.002
0.007 0.010 0.004
0.013 0.000 0.000
13.656 13.052
3.1 0.6 0.1
96.2 98.5 99.5
0.7 0.9 0.3
Analysis point:
I90R-69 
3 pheno 
center
I90R-69 
3 pheno 
edge
I90R-69 1 
gndms
H12R-8 
1 pheno 
center
H12R-8 
1 pheno 
edge
H12R-8 
2 pheno 
center
H12R-8 
3 pheno 
center
H12R-8 
4 pheno 
center
H12R-8 
4 pheno 
edge
Na20 4.70 7.71 4.02 4.22 5.85 7.20 4.33 5.06 6.25
AI2O3 28.96 24.03 19.24 29.87 27.76 25.88 29.13 28.48 26.77
S i02 53.59 60.85 65.03 52.05 55.55 58.36 52.12 53.74 56.25
FeO 0.60 0.27 0.46 0.55 0.49 0.28 0.36 0.40 0.38
CaO 11.24 5.47 0.55 12.45 9.80 7.42 11.99 11.12 9.17
K20 0.64 1.03 10.47 0.37 0.34 0.54 0.38 0.45 0.51
BaO 0.03 0.00 0.00 0.01 0.02 0.01 0.09 0.00
MgO 0.01
Ti02 0.12
MnO 0.00
Cr20 3 0.00
Oxide Totals 99.78 99.36 99.90 99.53 99.83 99.70 98.37 99.36 99.34
Formula Atoms
Na 0.414 0.670 0.355 0.374 0.513 0.628 0.387 0.448 0.549
Al 1.552 1.270 1.032 1.609 1.479 1.371 1.584 1.531 1.431
Si 2.437 2.729 2.959 2.379 2.511 2.623 2.405 2.452 2.552
Fe 0.023 0.010 0.018 0.021 0.018 0.011 0.014 0.015 0.015
Ca 0.548 0.263 0.027 C.610 0.475 0.357 0.593 0.544 0.446
K 0.037 0.059 0.607 0.021 0.020 0.031 0.023 0.026 0.029
Ba 0.001 0.000 0.000 0.000 0.000 0.000 0.002 0.000
Mg 0.000
Ti 0.004
Mn 0.000
Cr 0.000
formula Totals 13.6l2 13.001 13.002 13.014 13.016 13.021 13.66* 13.616 13.022
An 54.8 26.5 2.7 60.7 47.1 35.2 59.1 53.4 43.5
Al 41.5 67.5 35.9 37.2 50.9 61.8 38.6 44.0 53.6
Or 3.7 5.9 61.4 2.1 2.0 3.0 2.2 2.6 2.9
153
Orthopyroxene
Garrison 
diorites
Analysis point:
H12R-8
3
H12R-8
4
H12R-8
5
H12R-8
7
Na20 0.03 0.05 0.02 0.04
MgO 21.62 22.74 22.03 22.24
AI2O3 0.57 0.60 0.66 0.85
S i02 52.57 52.95 52.77 52.40
FeO 22.73 21.07 22.13 21.29
CaO 1.55 1.59 1.58 1.77
Ti02 0.29 0.32 0.33 0.40
K20 0.02 0.05 0.05 0.06
MnO 0.59 0.61 0.65 0.65
Cr20 3 0.03 0.01 0.01 0.00
Totals 99.99 100.00 100.22 99.71
Formula Atoms
Na 0.002 0.004 0.001 0.003
Mg 1.208 1.261 1.225 1.240
Al 0.025 0.026 0.029 0.038
Si 1.971 1.970 1.969 1.960
Fe 0.713 0.656 0.690 0.666
Ca 0.062 0.064 0.063 0.071
Ti 0.008 0.009 0.009 0.011
K 0.001 0.002 0.002 0.003
Mn 0.019 0.019 0.020 0.021
Cr 0.001 0.000 0.000 0.000
Formula Totals 10.009 10.011 10.010 10.013
Amphibole
Garrison
Analysis point:
H12R-10 
1 pheno
H12R-10 
1 pheno
Na20 1.91 1.93
MgO 11.84 11.89
AI203 5.37 5.59
Si02 45.88 46.18
FeO 18.04 18.05
CaO 10.98 10.76
Ti02 1.34 1.29
K20 0.96 0.80
MnO 0.62 0.58
Cr203 0.00 0.01
Totals 96.94 97.09
Formula Atoms based on 23 oxygens
Na 0.565 0.569
Mg 2.692 2.691
Al 0.966 1.001
Si 7.000 7.014
Fe 2.302 2.293
Ca 1.795 1.751
Ti 0.154 0.148
K 0.186 0.154
Mn 0.080 0.075
Cr 0.000 0.001
Formula Totals 38.739 38.699
Mg# 47.569 47.653
Elkhorn
basalt
HDNF-65 
1 pheno
Z07
14.71 
10.14 
44.10
10.72 
10.81
3.06 
1.01 
0.185 
0.006 
96.807
0.590
3.233
1.761
6.502
1.322
1.707
0.340
0.189
0.023
0.001
38.668
65.491
154
Biotite
Garrison 
basalt
Analysis point:
H12N-55
1
H12N-54 
2 *
H12H-54 
2 *
Na20 0.09 0.05 0.05
MgO 18.61 19.23 19.51
AI203 14.12 12.62 11.08
Si02 33.63 32.20 30.26
FeO 20.50 22.11 23.09
CaO 0.54 0.22 0.08
Ti02 1.59 0.02 0.05
K20 2.58 0.04 0.04
MnO 0.07 0.13 0.08
Cr203 0.00 0.02 0.00
Totals 91.72 86.65 84.24
Formula Atoms based on 22 oxygens
Na 0.026 0.015 0.016
Mg 4.302 4.694 4.968
Al 2.580 2.436 : 2.232
Si 5.216 5.272 5.168
Fe 2.658 3.028 3.298
Ca 0.090 0.038 0.014
Ti 0.185 0.003 0.006
K 0.511 0.009 0.009
Mn 0.009 0.018 0.012
Cr 0.000 0.003 0.000
Formula Totals 37.578 37.517 37.723
Garrison
diorite
H12R-1M
1
H12R-1M
2
H12R-8
1
I90R-69
1
I90R-69
2
0.37 0.25 0.44 0.62 0.58
12.80 11.85 12.15 13.96 14.22
12.37 11.83 12.67 12.02 12.28
37.06 35.43 36.67 37.26 38.02
17.86 19.60 17.73 16.09 15.50
0.03 0.03 0.01 0.04 0.01
6.01 4.89 7.31 5.68 5.90
9.24 9.21 9.23 9.30 9.30
0.06 0.13 0.07 0.08 0.17
0.00 0.04 0.02 0.01 0.02
95.80 93.24 96.30 95.07 95.99
0.109 0.076 0.130 0.183 0.168
2.888 2.786 2.728 3.151 3.163
2.206 2.199 2.248 2.146 2.160
5.608 5.589 5.523 5.644 5.673
2.260 2.585 2.234 2.038 1.934
0.004 0.005 0.002 0.007 0.002
0.684 0.580 0.828 0.648 0.662
1.785 1.853 1.772 1.797 1.769
0.008 0.017 0.008 0.011 0.021
0.000 0.004 0.002 0.001 0.002
37.552 37.694 37.475 37.625 37.553
Garrison
syenite
H12R-10
3
0.38
12.60
12.47
37.07
18.19
0.00
5.85
9.32
0.24
0.00
96.13
0.111
2.841
2.223
5.605
2.300
0.000
0.665
1.797
0.031
0.000
37.573
Dunkleberg 
Ridge dike
DBR-1
1
DBR-1
2
0.04 0.00
14.19 12.27
13.20 14.39
37.11 31.47
24.01 26.51
0.08 0.05
0.61 1.00
2.15 3.71
0.20 0.19
0.01 0.02
91.59 89.61
0.012 0.000
3.293 3.026
2.420 2.807
5.775 5.208
3.125 3.669
0.014 0.008
0.071 0.124
0.427 0.784
0.026 0.027
0.001 0.002
37.163 37.656
may not be biotite
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O paque M inerals 
Garrison
basalt_____________   Garrison diorite
Analysis point:
H12R-13
1
H12N-54
1
Na20 0.07 0.08
MgO 0.02 0.01
AI203 3.59 0.06
Si02 0.56 0.19
FeO 71.66 67.64
CaO 0.49 0.00
Ti02 15.95 0.00
K20 0.02 0.02
MnO 1.24 0.010
Cr203 0.76 0.014
Totals 94.37 68.011
Formula Atoms
Na 0.006 0.011
Mg 0.001 0.001
Al 0.180 0.005
Si 0.024 0.013
Fe 2.551 3.958
Ca 0.022 0.000
Ti 0.511 0.000
K 0.001 0.002
Mn 0.045 0.001
Cr 0.026 0.001
Formula Totals 3.366 3.990
H12R-8
1
H12R-8
2
0.06 0.02
0.07 0.03
1.19 1.87
0.29 0.08
78.62 83.20
0.14 0.04
8.56 9.05
0.08 0.10
0.68 0.73
1J89 0.16
91.56 95.28
0.005 0.002
0.005 0.002
0.066 0.100
0.014 0.004
3.113 3.176
0.007 0.002
0.305 0.311
' 0.005 0.006
0.027 0.028
0.071 0.006
3.618 3.636
Garrison
syenite
H12R-10 2
0.02
0.03
0.03
0.03
47.54
0.03
53.05
0.06
2.70
0.02
103.50
0.001
0.001
0.001
0.001
1.302
0.001
1.307
0.003
0.075
0.000
2.693
G arnet
Elkhorn Dunkleberg Garrison
basalt Ridge dike basalt
Analysis point:
H12R-13
1
H12R-13
2
Na20 0.03 0.03
MgO 0.30 1.11
AI203 10.57 12.02
Si02 33.60 35.22
FeO 13.63 13.99
CaO 35.01 32.49
Ti02 0.63 0.45
K20 0.03 0.03
MnO 0.20 0.19
Cr203 0.09 0.03
Totals 94.10 95.57
Formula Atoms based on 12 oxygens
Na 0.005 0.005
Mg 0.040 0.141
Al 1.095 1.208
Si 2.953 3.002
Fe 1.002 0.997
Ca 3.297 2.967
Ti 0.042 0.029
K 0.003 0.003
Mn 0.015 0.014
Cr 0.006 0.002
Formula Totals 20.459 20.368
HDNF-65
1
DBR-1
1
0.03 0.04
2.03 6.21
2.62 10.90
0.78 0.08
79.30 54.31
2.17 0.01
9.59 3.68
0.01 0.01
0.050 0.23
0.112 16.17
96.692 91.65
0.003 0.374
0.131 0.519
0.133 0.003
0.034 1.834
2.868 0.001
0.101 0.112
0.312 0.000
0.000 0.008
0.002 0.516
0.004 3.366
3.587 2.426
Note: Shaded cells have Fe calculated
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GSF-36 
circle 1 
2nd pt
GSF-36 
circle 1
GSF-36 
circle 1, 
repeat of 
previous
GSF-36 
circle 1
GSF-36 
circle 2
GSF-36 
circle 3
GSF-36 
circle 4
GSF-36 
circle 4 
#2
0.02 0.02 0.00 0.03 0.03 0.00 0.38 0.02
0.08 0.15 0.10 0.19 0.16 0.22 14.38 0.19
6.72 6.32 7.86 9.73 8.31 9.81 4.22 8.17
34.47 34.45 35.37 36.46 36.11 36.45 45.35 35.72
19.09 20.35 .......17.52 -,16.04 17.47 17.01 ,,.10 .14 17.82
34.35 34.48 35.32 35.66 35.00 34.75 16.64 34.06
2.52 2.36 2.57 1.03 2.38 0.69 1.23 2.60
0.03 0.03 0.04 0.10 0.11 0.05 0.15 0.01
0.244 0.251 0.312 0.368 0.309 0.378 0.239 0.284
0.064 0.000 0.019 0.027 0.000 1 0.004 0.266 0.030
97.589 98.410 99.120 99.627 99.876 99.362 93.000 98.907
0.003 0.003 0.000 0.004 0.004 0.001 0.059 0.003
0.010 0.019 0.013 0.023 0.020 0.026 1.695 0.023
0.663 0.621 0.759 0.926 0.792 0.935 0.393 0.786
2.885 2.871 2.896 2.942 2.921 2.948 3.587 2.916
1.202 1.276 1.079 0.974 1.064 1.035 0.604 1.095
3.080 3.078 3.097 3.083 3.035 3.011 1.411 2.979
0.158 0.148 0.158 0.063 0.145 0.042 0.073 0.159
0.003 0.003 0.004 0.010 0.011 0.005 0.015 0.001
0.017 0.018 0.022 0.025 0.021 0.026 0.016 0.020
0.004 0.000 0.001 0.002 0.000 0.000 0.017 0.002
20.025 20.037 20.029 20.052 20.013 20.028 19.870 19.985
as Fe203
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Appendix B: Recalculation Tables for Microprobe 
Data
Oxide percentages were recalculated from Fe^Oj to FeO where necessary. Amphibole was 
calculated using the formula OH percent to produce results more in line with those from the microprobe 
data, which does not measure OH.
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Augite
Johannesmeyer (1999) 
Ringing Rocks _____
Analysis point
RR3
granite
core
RR3
granite
core
RR3
granite
core
RR3
granite
core
RR3
granite
core
RR3
granite
core
RR3
granite
core
RR3
granite
core
RR3
granite
core
RR3
granite
core
RR81
trans
rock
RR81
trans
rock
RR81
trans
rock
RR81
trans
rock
Original totals
Na20 0.34 0.58 0.47 0.31 0.54 0.35 0.65 0.41 0.35 0.34 0.00 0.27 0.25 0.33
MgO 15.51 14.94 15.57 15.89 15.32 17.03 15.22 15.79 15.26 15.27 17.08 16.63 17.03 15.26
AI2O3 1.51 2.98 2.50 1.92 2.04 2.06 2.37 2.96 2.17 1.36 1.67 1.26 2.20 1.36
S i02 51.77 50.97 51.47 51.58 51.75 51.51 52.01 50.86 50.64 51.98 52.53 52.94 52.24 52.41
FeO 10.22 7.32 7.96 9.91 7.05 8.34 7.20 7.45 10.24 8.95 0.05 6.11 5.02 9.36
CaO 20.60 21.10 20.60 19.60 20.99 19.03 21.04 20.78 19.99 21.39 22.47 22.13 21.88 21.17
Ti02 0.49 0.56 0.65 0.61 0.32 0.35 0.32 0.57 0.65 0.40 0.15 0.15 0.23 0.36
K20 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00
MnO 0.27 0.29 0.26 0.28 0.27 0.24 0.29 0.27 0.30 0.28 0.15 0.13 0.10 0.29
Cr20 3 0.02 0.30 0.20 0.05 0.13 0.19 0.18 0.12 0.01 0.01 0.01 0.31 0.24 0.03
Oxide Totals 100.74 99.03 99.68 100.14 98.45 99.11 99.28 99.22 99.61 100.18 94.12 99.93 99.19 . 100.57
Recalculated totals
Na20 0.34 0.59 0.48 0.31 0.55 0.36 0.66 0.42 0.35 0.34 0.00 0.27 0.25 0.33
MgO 15.56 15.20 15.75 16.03 15.68 17.33 15.44 16.03 15.48 15.41 18.15 16.74 17.26 15.32
ai2o 3 1.51 3.03 2.53 1.94 2.09 2.10 2.40 3.01 2.20 1.37 1.77 1.27 2.23 1.37
S i02 51.92 51.85 52.05 52.02 52.95 52.42 52.77 51.65 51.36 52.46 55.82 53.30 52.94 52.60
FeO 9.22 6.70 7.24 8.99 6.49 7.64 6.57 6.81 9.35 8.13 0.05 5.54 4.58 8.45
CaO 20.66 21.46 20.83 19.77 21.48 19.37 21.35 21.10 20.28 21.59 23.88 22.28 22.17 21.25
Ti02 0.49 0.57 0.66 0.62 0.33 0.36 0.32 0.58 0.66 0.40 0.16 0.15 0.23 0.36
K20 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00
MnO 0.27 0.29 0.26 0.28 0.28 0.24 0.29 0.27 0.30 0.28 0.16 0.13 0.10 0.29
Cr20 3 0.02 0.31 0.20 0.05 0.13 0.19 0.18 0.12 0.01 0.01 0.01 0.31 0.24 0.03
Oxide Totals 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Total Fe as FeO 9.196 6.587 7.163 8.917 6.344 7.504 6.479 6.704 9.214 8.053 0.045 5.498 4.517 8.422
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Analysis point
RR81
trans
rock
RR81
trans
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
Original totals
Na20 0.47 0.53 0.36 0.43 0.47 0.57 0.49 0.59 0.41 0.43 0.48
MgO 15.59 14.62 16.99 17.00 16.44 14.86 15.78 15.45 15.98 15.96 15.80
AI2O3 1.93 0.97 2.31 2.21 1.99 2.12 2.19 3.06 2.73 2.75 2.77
S i02 52.29 53.32 51.89 52.21 51.95 51.87 52.37 50.79 51.86 51.30 51.53
FeO 7.95 8.57 7.51 5.94 6.77 7.93 7.01 6.97 7.39 7.41 7.54
CaO 21.14 21.89 20.27 20.15 20.87 21.33 21.35 20.92 20.89 21.01 20.41
Ti02 0.50 0.18 0.32 0.24 0.27 0.46 0.50 0.59 0.50 0.44 0.48
K20 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.03 0.00 0.00 0.02
MnO 0.22 0.41 0.21 0.20 0.25 0.37 0.29 0.28 0.22 0.19 0.19
Cr20 3 0.06 0.01 6.13 0.25 0.30 0.15 0.08 0.17 0.15 0.16 0.15
Oxide Totals 100.14 100.51 99.98 98.64 99.30 99.68 100.07 99.03 100.13 99.65 99.36
Recalculated totals
Na20 0.47 0.53 0.36 0.44 0.48 0.58 0.49 0.60 0.41 0.43 0.49
MgO 15.69 14.67 17.12 17.34 16.67 15.03 15.88 15.74 16.08 16.14 16.02
ai2o 3 1.94 0.97 2.33 2.25 2.02 2.14 2.20 3.12 2.75 2.78 2.81
S i02 52.63 53.51 52.29 53.25 52.67 52.46 52.70 51.75 52.18 51.87 52.25
FeO 7.20 7.74 6.81 5.45 6.18 7.22 6.35 6.39 6.69 6.74 6.88
CaO 21.28 21.97 20.43 20.55 21.16 21.57 21.49 21.31 21.02 21.24 20.70
Ti02 0.50 0.18 0.32 0.24 0.27 0.47 0.50 0.60 0.50 0.44 0.49
K20 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.03 0.00 0.00 0.02
MnO 0.22 0.41 0.21 0.20 0.25 0.37 0.29 0.29 0.22 0.19 0.19
Cr20 3 0.06 0.01 0.13 0.25 0.30 0.15 0.08 0.17 0.15 0.16 0.15
Oxide Totals 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Total Fe as FeO 7.154 7.711 6.758 5.345 6.092 7.136 6.306 6.272 6.650 6.668 6.785
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Analysis point
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR45 most 
mafic trans 
rock
RR43 plag 
shonkinite
RR43 plag 
shonkinite
RR43 plag 
shonkinite
RR43 plag 
shonkinite
Original totals
Na20 0.33 0.37 0.32 0.27 0.71 0.63 0.36 0.37 0.31 0.35
MgO 17.23 17.93 15.82 15.92 14.74 14.69 17.82 17.76 16.54 16.35
AI2O3 1.96 1.86 3.23 2.82 2.94 3.24 1.83 2.08 2.50 3.01
S i02 52.94 53.17 51.04 51.50 51.31 50.98 53.05 53.10 51.08 50.82
FeO 6.90 6.22 7.68 7.59 8.49 8.99 5.58 5.29 8.20 7.04
CaO 20.28 20.18 21.23 20.91 20.59 20.58 20,80 20.80 20.47 20.86
Ti02 0.28 0.23 0.66 0.51 0.63 0.63 0.15 0.18 0.57 0.48
K20 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01
MnO 0.18 0.19 0.22 0.22 0.37 0.33 0.18 0.18 0.23 0.19
Cr20 3 0.33 0.34 0.09 0.17 0.15 0.18 0.34 0.41 0.11 0.21
Oxide Totals 100.43 100.48 100.30 99.91 99.94 100.24 100.10 100.17 100.01 99.32
Recalculated totals
Na20 0.33 0.37 0.32 0.27 0.72 0.63 0.36 0.37 0.31 0.35
MgO 17.28 17.95 15.90 16.05 14.88 14.78 17.90 17.82 16.68 16.58
Al20 3 1.97 1.86 3.25 2.84 2.97 3.26 1.84 2.09 2.52 3.05
S i02 53.08 53.24 51.29 51.94 51.78 51.31 53.29 53.29 51.50 51.53
FeO 6.22 5.60 6.94 6.89 7.71 8.14 5.04 4.78 7.44 6.42
CaO 20.33 20.21 21.33 21.09 20.78 20.71 20.89 20.87 20.64 21.15
Ti02 0.28 0.23 0.66 0.51 0.64 0.63 0.15 0.18 0.57 0.49
K20 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01
MnO 0.18 0.19 0.22 0.22 0.37 0.33 0.18 0.18 0.23 0.19
Cr20 3 0.33 0.34 0.09 0.17 0.15 0.18 0.34 0.41 0.11 0.21
Oxide Totals 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Total Fe as FeO 6.209 5.597 6.911 6.830 7.639 8.089 5.021 4.760 7.378 6.335
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Analysis point RR43 plag 
shonkinite
RR43 plag 
shonkinite
RR43 plag 
shonkinite
RR43 plag 
shonkinite
RR43 plag 
shonkinite
RR43 plag 
shonkinite
Original totals
Na20 0.29 0.33 0.36 0.37 0.42 0.44
MgO 16.49 16.88 16.71 15.41 15.34 15.95
AI2O3 2.06 2.54 2.37 2.48 1.15 1.81
S i02 51.69 51.59 51.52 50.15 52.18 51.46
FeO 7.99 8.57 8.48 10.01 9.06 8.52
CaO 20.57 19.43 19.45 19.67 20.91 20.83
Ti02 0.63 0.47 0.55 0.74 0.34 0.65
K20 0.00 0.00 0.01 0.01 0.00 0.01
MnO 0.25 0.19 0.26 0.27 0.26 0.18
Cr20 3 0.03 0.19 1 0.12 0.01 0.01 0.05
Oxide Totals 100.00 100.19 99.82 99.12 99.66 99.90
Recalculated totals
Na20 0.29 0.33 0.36 0.38 0.43 0.44
MgO 16.62 - 16.99 16.88 15.71 15.53 16.10
ai2o 3 2.08 2.56 2.39 2.53 1.16 1.83
S i02 52.11 51.94 52.05 51.11 52.83 51.96
FeO 7.25 7.76 7.71 9.18 8.25 7.74
CaO 20.74 19.56 19.65 20.05 21.17 21.03
Ti02 0.64 .0.47 0.56 0.75 0.34 0.66
K20 0.00 0.00 0.01 0.01 0.00 0.01
MnO 0.25 0.19 0.26 0.28 0.26 0.18
Cr20 3 0.03 0.19 0.12 0.01 0.01 0.05
Oxide Totals 100.00 100.00 100.00 100.00 100.00 100.00
Total Fe as FeO 7.189 7.711 7.630 9.007 8.152 7.666
Breuninger (1995)
Kokoruda Ranc 1 complex
KR15
granite
KR15
granite
KR15
granite
KR15
granite
KR15
granite
KR15
granite
0.29 0.39 0.34 0.34 0.36 0.33
14.46 14.50 14.81 14.37 14.25 14.35
2.41 2.39 1.39 1.46 1.74 1.35
51.53 51.60 52.05 51.93 51.24 52.41
10.57 10.16 11.30 10.65 11.05 9.67
20.32 20.76 20.07 21.09 20.56 21.92
0.69 0.70 0.31 0.35 0.40 0.19
0.01 0.00 0.00 0.00 0.01 0.00
0.31 0.31 0.37 0.36 0.33 0.37
0.02 0.01 0.00 0.00 0.00 0.00
100.60 100.83 100.64 100.56 99.95 100.61
0.29 0.39 0.34 0.34 0.36 0.33
14.53 14.53 14.88 14.44 14.42 14.40
2.42 2.39 1.40 1.47 1.76 1.36
51.76 51.70 52.31 52.20 51.85 52.61
9.55 9.16 10.22 9.63 10.06 8.73
20.41 20.80 20.17 21.20 20.80 22.00
0.69 0.70 0.31 0.35 0.40 0.19
0.01 0.00 0.00 0.00 0.01 0.00
0.31 0.31 0.37 0.36 0.33 0.37
0.02 0.01 0.00 0.00 0.00 0.00
100.00 100.00 100.00 100.00 100.00 100.00
9.511 9.142 10.168 9.583 9.943 8.701
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Cunningham (1999) 
Adel Mountains
6-26-05
augite
6-26-05
core
6-26-05
rim
6-26-05
middle
6-26-05
core
0.51 0.42 0.57 0.41 0.49
13.97 13.53 13.12 13.88 13.29
3.56 3.95 4.24 3.15 3.71
50.50 50.37 49.75 50.85 50.68
9.12 9.26 9.71 9.21 9.44
22.45 22.63 22.01 22.39 22.10
0.54 0.54 0.63 0.44 0.48
0.01 0.01 0.00 0.00 0.00
0.38 0.33 0.37 0.31 0.29
0.00 0.00 0.02 0.02 0.00
101.04 101.04 100.42 100.65 100.50
0.51 0.42 0.57 0.41 0.49
13.95 13.51 13.19 13.92 13.35
3.56 3.95 4.26 3.16 3.73
50.44 50.31 50.03 50.98 50.92
8.20 8.32 8.79 8.31 8.53
22.42 22.60 22.13 22.45 22.20
0.54 0.54 0.63 0.44 0.48
0.01 0.01 0.00 0.00 0.00
0.38 0.33 0.37 0.31 0.29
0.00 0.00 0.02 0.02 0.00
100.00 100.00 100.00 100.00 100.00
8.206 8.332 8.737 8.287 8.494
Analysis point KR28 plag 
shonkinite
KR28 plag 
shonkinite
KR28 plag 
shonkinite
KR39 ol 
plag
shonkinite
KR39 ol 
plag
shonkinite
KR39 ol 
plag
shonkinite
Original totals
Na20 0.27 0.33 0.29 0.35 0.39 0.37
MgO 15.20 14.32 14.21 15.90 15.10 15.00
AI2O3 0.99 1.06 1.86 2.14 2.52 2.75
S i02 52.18 52.03 50.93 52.29 51.72 50.95
FeO 10.50 10.62 10.70 8.21 7.66 8.10
CaO 20.74 21.51 21.33 20.78 21.90 21.45
Ti02 0.22 0.29 0.48 0.43 0.52 0.64
K20 0.00 0.00 0.00 0.00 0.01 0.01
MnO 0.37 0.41 0.34 0.19 0.23 0.23
Cr20 3 0.00 0.01 ' 0.00 0.08 0.08 0.12
Oxide Totals 100.46 100.58 100.14 100.36 100.13 99.62
Recalculated totals
Na20 0.27 0.33 0.29 0.35 0.39 0.37
MgO 15.29 14.39 14.34 15.97 15.20 15.18
ai2o 3 1.00 1.07 1.88 2.15 2.54 2.78
S i02 52.49 52.28 51.41 52.53 52.05 51.56
FeO 9.50 9.60 9.72 7.42 6.94 7.38
CaO 20.86 21.61 21.53 20.87 22.04 21.71
Ti02 0.22 .0.29 0.48 0.43 0.52 0.65
K20 0.00 0.00 0.00 0.00 0.01 0.01
MnO 0.37 0.41 0.34 0.19 0.23 0.23
Cr20 3 0.00 0.01 0.00 0.08 0.08 0.12
Oxide Totals 100.00 100.00 100.00 100.00 100.00 100.00
Total Fe as FeO 9.448 9.556 9.628 7.387 6.893 7.288
Analysis point 6-26-05rim
6-26-9
augite
core
6-26-9
outward
6-26-9
outward
6-26-9
rim
6-26-9
core
6-26-9
rim
6-26-9
core
6-26-9
outward
6-26-9
rim
Original totals
Na20 0.51 0.35 0.35 0.21 0.45 0.27 0.49 0.25 0.44 0.40
MgO 13.37 13.50 13.52 15.73 13.44 16.51 12.68 16.20 12.67 12.53
AI2O3 4.11 4.99 4.44 2.47 3.87 2.53 5.10 2.85 5.45 5.60
S i02 49.63 48.98 49.36 52.33 49.76 52.20 48.15 51.33 47.80 46.94
FeO 9.60 8.64 9.37 5.93 9.76 4.57 9.94 5.13 10.00 9.56
CaO 21.81 22.72 22.50 23.33 22.13 23.42 22.29 23.25 22.^1 22.74
Ti02 0.60 0.69 0.70 0.26 0.72 0.26 0.98 0.30 1.02 1.08
K20 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.04
MnO 0.34 0.17 0.18 0.15 0.19 0.05 0.18 0.04 0.22 0.21
Cr20 3 0.02 0.01 0.01 0.03 0.00 0.27 0.00 0.12 0.03 0.03
Oxide Totals 99.98 100.06 100.45 100.45 100.34 100.08 99.82 99.47 100.15 99.12
Recalculated totals
Na20 0.52 0.35 0.35 0.21 0.45 0.27 0.50 0.25 0.44 0.41
MgO 13.50 13.61 13.59 15.75 13.53 16.57 12.83 16.37 12.78 12.76
ai2o 3 4.15 5.03 4.46 2.47 3.90 2.54 5.16 2.88 5.50 5.70
S i02 50.12 49.38 49.61 52.41 50.08 52.40 48.72 51.87 48.21 47.81
FeO 8.72 7.84 8.47 5.34 8.84 4.13 9.05 4.66 9.08 8.76
CaO 22.02 22.91 22.61 23.37 22.27 23.51 22.56 23.49 22.70 23.16
Ti02 0.61 0.70 0.70 0.26 0.72 0.26 0.99 0.30 1.03 1.10
K20 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.04
MnO 0.34 0.17 0.18 0.15 0.19 0.05 0.18 0.04 0.22 0.21
Cr20 3 0.02 0.01 0.01 0.03 0.00 0.27 0.00 0.12 0.03 0.03
Oxide Totals 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Total Fe as FeO 8.638 7.774 8.431 5.336 8.782 4.112 8.944 4.616 8.998 8.602
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Appendix C: XRF Results
Rocks were analyzed at Washington State University. Error for major elements is about .05 wt% 
or less. Error for trace elements is as follows: Cr, Sc, Rb, Sr, Zr, Y, Nb, Ga, Cu, Zn, Pb and Th is 5 ppm or 
less; V, Ce and La is 10 ppm; Ba is 15 ppm.
Reference:
Johnson, D. M., Hooper, P. R., and Conrey, R. M., 1999, XRF analysis o f rock and minerals for 
major and trace elements on a single low dilution Li-tetraborate fused bead: Advances in X-ray Analysis, v. 
41,'p. 843-867.
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Garrison
diorite
Sample H12R-1W H12R-8 I90R-69
Unnormalized Major Elements (Weight %):
S i0 2 50.88 51.78 53.99
AI2 O3 13.38 15.10 14.92
T i0 2 0.799 0.858 0.977
FeO 9.74 8.32 7.68
MnO 0.192 0.179 0.150
CaO 9.87 9.57 8.05
MgO 8.60 7.08 5.69
K20 1.77 1.97 2.66
Na20 1.84 2.30 2.53
p2 o 5 0.285 0.275 0.402
Total 97.35 97.43 97.05
LOI (%) 2.54 1.41 2.10
Unnormalized Trace Elements ( jpm):
Ni 50 44 45
Cr 283 237 208
Sc 27 30 22
V 209 214 201
Ba 604 623 829
Rb 38 42 60
Sr 550 596 565
Zr 100 113 164
Y 21 20 25
Nb 5.7 7.1 8.8
Ga 16 17 17-
Cu 37 41 50
Zn 96 90 91
Pb 8 8 11
La 18 20 35
Ce 44 54 54
Th 2 5 6
Garrison
syenite
H12R-10
70.56 
14.45 
0.266 
~  1.66 
0.028 
0.61 
0.40 
6.67 
3.80 
0.042 
98.49 
0.80
0
3
__5_
390
72
166
643
26
13.6
16
3
20
21
31
82
Garrison
diorite
H12R-1W H12R-8 I90R-69
Garrison
syenite
H12R-10
Normalized Major Elements (Weight %):
52 .26 53.15 55 .63
13.74 15.50 15.37
0.821 0.881 1.007
10.00 8.54 7.91
0 .197 0.184 0.155
10.14 9 .82 8.29
8.83 7.27 5 .86
1.82 2.02 2 .74
1.89 2 .36 2.61
0.293 0.282 0.414
100.00 100.00 100.00
71 .64
14.67
0 .270
1.69
0.028
0.62
0.41
t6 .7 7
3 .86
0.0431
100.00
Major elements are normalized on a volatile-free basis, with total 
Fe expressed as FeO.
111 " denotes values > 1 2 0 % of our highest standard.
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Appendix D I Recalculation Tables for Whole-
Rock Data
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Chemical data on the Boulder batholith intrusions
From S m ed es  (19661________________________    ______
sill
w/pereitic
margins
sill
w/pereitic
margins
sill
w/pereitic
margins
sill
w/pereitic
margins
early
stage
early
stage
intermediate
stage
intermediate
stage
intermediate
stage
main
stage
BQM
main
stage
BQM
late stage
4 5 6 7 8 9 10 11 12 13 14 15
S i02 49.8 54.8 53.9 54.4 57.9 54.5 55.46 61.6 63.5 64.8 62 76.7
AI2O3 16.1 15.1 14.9 14.5 15.4 12.4 16.93 16.5 15.7 15.7 17.2 12.4
Fe20 3 2.5 2.3 2.2 2.3 2.3 1 2.12 2.5 2.6 1.9 3.1 0.6
FeO 5.6 6 6.1 5.4 4.6 6.8 5.63 3.2 2.8 2.8 2.2 0.77
MgO 4.8 5 5.1 4.4 5.1 11.4 4.01 2.6 2.4 2.2 1.6 0.14
CaO 9.5 8.1 4.5 5.3 6.6 6.8 7.55 5.2 4.6 4.4 4.7 0.81
Na20 2.3 2.1 2 2.1 2.6 2.2 3.01 3.4 3.3 3.1 4.1 2.2
K20 0.48 0.64 0.28 1.9 3.3 3.2 3.18 3 3.2 3.9 3.3 5.8
Ti02 0.96 0.9 0.9 0.86 0.64 0.59 0.81 0.53 0.55 0.6 0.51 0.13
P2O5 0.5 0.46 0.48 0.46 0.4 0.42 0.36 0.22 0.21 0.19 0.4 0.9
MnO 0.18 0.17 0.16 0.16 0.11 0.12 0.16 0.14 0.14 0.08 0.15 0.02
Total 96.72 100.57 96.52 98.78 106.95 108.43 109.22 109.89 111 112.67 113.26 115.47
H20 3.5 2.8 3.2 4.2 0.81 0.68 0.84 0.56 0.42
C 0 2 2.9 1.8 2.5 3.8 0.09 <.05 0.04 0.05 0.05
Recalculated totals
S i02 49.93 54.93 54.02 54.53 58.03 54.55 55.58 61.75 63.67 64.92 62.19 76.75
ai2o 3 16.14 15.13 14.93 14.53 15.44 12.41 16.97 16.54 15.74 15.73 17.25 12.41
FeO 7.87 8.09 8.10 7.49 6.68 7.71 7.55 5.46 5.15 4.52 5.00 1.31
MgO 4.81 5.01 5.11 4.41 5.11 11.41 4.02 2.61 2.41 2.20 1.60 0.14
CaO 9.52 8.12 4.51 5.31 6.62 6.81 7.57 5.21 4.61 4.41 4.71 0.81
Na20 2.31 2.10 2.00 2.10 2.61 2.20 3.02 3.41 3.31 3.11 4.11 2.20
K20 0.48 0.64 0.28 1.90 3.31 3.20 3.19 3.01 3.21 3.91 3.31 5.80
Ti02 0.96 0.90 0.90 0.86 0.64 0.59 0.81 0.53 0.55 0.60 0.51 0.13
P2O5 0.18 0.17 0.16 0.16 0.11 0.12 0.16 0.14 0.14 0.08 0.15 0.02
MnO 0.18 0.17 0.16 0.16 0.11 0.12 0.16 0.14 0.14 0.08 0.15 0.02
Oxide Total 92.38 95.27 90.18 91.46 98.66 99.13 99.02 98.81 98.93 99.56 99.01 99.59
Total Fe as FeO 7.85 8.07 8.08 7.47 6.67 7.70 7.54 5.45 5.14 4.51 4.99 1.31
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SiO;
AUO2^3
FeoO2U 3
FeO
MgO
CaO
N a,0
K?0
TiO;
PpO?
MnO
Total
HpO
CO,
Recalculated total
SiO;
AUO2^3
FeO
MgO
CaO
Na?0
KpO
TiOp
PpO?
MnO
Oxide Total
Total Fe as FeO
From Rutland (1989)
EMV Ki BB main series m
BB main 
series gd
BB main
series
bqm
BB main
series
bqm
BB main 
series f
BB main 
series a
BB main 
series inc
BB sodic 
series rc
BB sodic 
series d
BB sodic 
series c
BB sodic 
series c
7 8 9 10 11 12 13 14 15 16 17 18
54.8 54.5 61.14 64.8 64.92 71.5 76.7 58.8 62.3 70.4 65.18 72.5
15.1 12.4 15.28 15.7 15.46 14.2 12.4 15.4 16.8 15.3 15.6 14.8
2.3 1 1.9 1.9 1.81 1.2 0.6 2.5 2.7 1.6 1.77 0.89
6 6.8 4.52 2.8 2.7 1.4 0.77 4.2 2.8 1.1 2.66 0.92
5 11.4 3.41 2.2 2.05 0.93 0.14 3.6 2.3 0.66 2.2 0.51
8.1 6.8 5.51 4.4 4.24 2.9 0.81 5.4 5.3 2.6 4.14 1.8
2.1 2.2 2.78 3.1 3.06 2.9 2.2 2.7 3.4 4 3.09 3.6
0.64 3.2 3.34 3.9 3.94 4.2 5.8 5.6 1 2.6 3.4 3.75 3.7
0.9 0.59 0.82 0.6 0.53 0.26 0.13 0.69 0.51 0.26 0.54 0.29
0.46 0.42 0.26 0.19 0.18 0.16 0.9 0.26 0.23 0.12 0.19 0.09
0.17 0.12 0.12 0.08 0.09 0.08 0.02 0.17 0.14 0.08 0.1 0.06
95.57 99.43 99.08 99.67 98.98 99.73 100.47 99.32 99.08 99.52 99.22 99.16
2.8 0.68 0.65 0.71 0.42 0.42 0.93 0.52 0.7 0.87
1.8 0.05 0.09 0.06 0.06 0.05 0.06 0.02 0.05
54.93 54.55 61.26 64.92 65.04 71.59 76.75 58.95 62.47 70.51 65.30 72.56
15.13 12.41 15.31 15.73 15.49 14.22 12.41 15.44 16.85 15.32 15.63 14.81
8.09 7.71 6.24 4.52 4.34 2.48 1.31 6.47 5.24 2.54 4.26 1.72
5.01 11.41 3.42 2.20 2.05 0.93 0.14 3.61 2.31 0.66 2.20 0.51
8.12 6.81 5.52 4.41 4.25 2.90 0.81 5.41 5.31 2.60 4.15 1.80
2.10 2.20 2.79 3.11 3.07 2.90 2.20 2.71 3.41 4.01 3.10 3.60
0.64 3.20 3.35 3.91 3.95 4.21 5.80 5.61 2.61 3.41 3.76 3.70
0.90 0.59 0.82 0.60 0.53 0.26 0.13 0.69 0.51 0.26 0.54 0.29
0.17 0.12 0.12 0.08 0.09 0.08 0.02 0.17 0.14 0.08 0.10 0.06
0.17 0.12 0.12 0.08 0.09 0.08 0.02 0.17 0.14 0.08 0.10 0.06
95.27 99.13 98.94 99.56 98.89 99.65 99.59 99.23 98.99 99.48 99.13 99.13
8.07 7.70 6.23 4.51 4.33 2.48 1.31 6.45 5.23 2.54 4.25 1.72
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From Watson (1986)
WS-1 WS-3b WS-90 WS-95 WS-134 WS-BM WS-BMB
S i02 55.5 58 59.6 53.8 62.9 48.8 53.5
AI2O3 14.5 17 17.1 20.2 15.2 19.4 16.5
Fe20 3 9.04 6.03 4.78 4.86 5.54 9.97 9.34
FeO
MgO 4.83 2.34 2.14 2.68 2.26 3.8 4
CaO 7.06 4.1 2.97 10.3 4.48 9.6 8.59
Na20 1.7 3.69 4.6 4.08 2.95 3.04 2.85
K20 2 5.33 5.33 1.92 3.81 1.8 2.02
Ti02 0.82 0.99 1 0.49 0.6 1.23 0.97
P20 5 0.36 0.62 0.62 0.33 0.19 0.4 0.32
MnO 0.16 0.1 0.06 0.13 0.09 0.19 0.16
Total 95.97 98.2 98.2 98.79 98.02 98.23 98.25
H20
C 0 2
Recalculated total
S i02 56.01 58.35 .59.89 54.06 63.25 49.29 54.01
Al20 3 14.63 17.10 17.18 20.30 15.28 19.60 16.66
FeO 8.21 5.46 4.32 4.39 5.01 9.06 8.48
MgO 4.87 2.35 2.15 2.69 2.27 3.84 4.04
CaO 7.12 4.12 2.98 10.35 4.51 9.70 8.67
Na20 1.72 3.71 4.62 4.10 2.97 3.07 2.88
K20 2.02 5.36 5.36 1.93 3.83 1.82 2.04
t i o 2 0.83 1.00 1.00 0.49 0.60 1.24 0.98
P20 5 0.16 0.10 0.06 0.13 0.09 0.19 0.16
MnO 0.16 0.10 0.06 0.13 0.09 0.19 0.16
Oxide Total 95.73 97.67 97.63 98.58 97.91 98.00 98.07
Total Fe as FeO 8.13 5.43 4.30 4.37 4.98 8.97 8.40
From But er (1984)
RR core RR core RR core RR trans RR trans
1 2 3 4 5
65.74 64.55 63.69 59.61 59.72
15.04 14.87 14.42 14.67 14.55
1.94 2.07 2.24 2.85 2.84
2.22 2.37 2.57 3.27 3.25
3.7 4.11 4.76 6.32 6.74
3.15 3.49 3.9 5.07 5.25
2.67 2.82 2.68 2.94 2.78
4.78 ' 4.89 4.83 4.16 3.82
0.47 0.5 0.54 0.62 0.6
0.22 0.24 0.29 0.37 0.34
0.07 0.09 0.09 0.11 0.11
100 100 100.01 99.99 100
65.87 64.68 63.83 59.78 59.89
15.07 14.90 14.45 14.71 14.59
3.97 4.24 4.60 5.85 5.82
3.71 4.12 4.77 6.34 6.76
3.16 3.50 3.91 5.08 5.26
2.68 2.83 2.69 2.95 2.79
4.79 4.90 4.84 4.17 3.83
0.47 0.50 0.54 0.62 0.60
0.07 0.09 0.09 0.11 0.11
0.07 0.09 0.09 0.11 0.11
99.85 99.85 99.81 99.73 99.77
3.97 4.23 4.59 5.83 5.81
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RR mafic 
rim
RR mafic 
rim
Priest
Pass
monz
Austin
monz
Austin
monz
Austin alk 
seynite
Austin
mafic
syenite
Austin
granod
iorite
Austin
granod
iorite
6 7 8 9 10 11 12 13 14
S i02 56.42 56.21 64.88 64.8 64.13 61.18 52.71 66.8 66.14
AI2O3 13.7 13.73 17.62 17.53 16.77 17.47 15.97 16.45 15.69
Fe20 3 3.39 3.31 1.54 1.38 1.9 1.17 3.48 1.74 1.93
FeO 3.88 3.79 1.58 1.69 1.69 1.34 4.92 1.99 2.06
MgO 9.33 9.23 1.07 1.25 1.29 1.04 4.53 1.46 1.6
CaO 5.96 6 2.71 2.85 2.72 4.97 7.63 3.63 3.71
Na20 2.76 2.99 3.68 3.2 3.92 2.14 3.55 3.39 3.5
K20 3.48 3.62 5.89 6.59 5.87 9.82 4.41 3.85 3.54
CM
OI- 0.63 0.65 0.55 0.57 0.52 0.59 0.97 0.39 0.43
P2O5 0.34 0.35 0.25 0.21 0.23 0.23 0.55 0.22 0.24
MnO 0.13 0.13 0.05 0.04 0.05 0.06 0.15 0.09 0.1
Total 100.02 100.01 99.82 100.11 99.09 100.01 98.87 100 98.94
H20
c o 2
Recalculated total
S i02 56.61 56.40 64.98 64.89 64.25 61.25 52.89 66.92 66.27
AI2O3 13.75 13.78 17.65 17.55 16.80 17.49 16.03 16.48 15.72
FeO 6.95 6.79 2.97 2.94 3.41 2.40 8.08 3.56 3.80
MgO 9.36 9.26 1.07 1.25 1.29 1.04 4.55 1.46 1.60
CaO 5.98 6.02 2.71 2.85 2.73 4.98 7.66 3.64 3.72
Na20 2.77 3.00 3.69 3.20 3.93 2.14 3.56 3.40 3 .51
K20 3.49 3.63 5.90 6.60 5.88 9.83 4.43 3.86 3.55
Ti02 0.63 0.65 0.55 0.57 0.52 0.59 0.97 .0.39 0.43
p 2o 5 0.13 0.13 0.05 0.04 0.05 0.06 0.15 0.09 0.10
MnO 0.13 0.13 0.05 0.04 0.05 0.06 0.15 0.09 0.10
Oxide Total 99.81 99.79 99.62 99.94 98.91 99.84 98.46 99.88 98.80
Total Fe as FeO 6.93 6.77 2.97 2.93 3.40 2.39 8.05 3.56 3.80
From Lam be (1981)
MAF MT
10682-6 10697-1
55.26 56.58
13.4 16
0.97
6.56 7.59
10.26 4.84
6 8.43
2.61 2.63
3.71 2.87
0.67 0.87
0.37 0.14
0.13 0.16
99.94 100.11
From Johannesn
plag
shonk
plag
shonk
RR7 RR41
56.35 56.72
13.18 13.23
7.07 6.79
8.88 8.95
6.06 6.15
2.75 2.73
3.83 3.81
0.655 0.643
0.405 0.405
0.128 0.128
99.308 99.556
55.31
13.41
7.44
10.27
6.01
2.61
3.71
0.67
0.13
0.13
99.70
7.43
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neyer ('
plag
shonk
999)
plag
shonk
plag
shonk
mafic
trans
mafic
trans
mafic
trans trans trans
RR43 RR79 RR90 RR45 RR95 RR50A RR46 RR80
SiOo 55.6 55.84 55.72 57.77 58.94 58.9 59.49 59.64
AUO2^3 12.87 13.03 13.07 13.52 13.7 13.61 14.17 14.21
Fe?02^3
FeO 7.38 6.92 6.91 6.17 5.96 6.09 5.49 5.65
MgO 9.5 9.47 9.15 7.34 6.93 7.04 6.31 5.93
CaO 6.18 6.3 6.32 5.32 5.13 5.19 5.01 5.23
Na?0 2.64 2.61 2.66 3.05 2.87 2.85 2.91 2.95
KpO 3.61 3.59 3.66 4.04 4.1 4.1 4.12 4.14
TiOp 0.649 0.638 0.661 0.621 0.62 0.633 0.597 0.591
P ,02W 5 0.408 0.397 0.411 0.391 0.394 0.398 0.401 0.38
MnO 0.134 0.134 0.131 0.117 0.112 0.113 0.104 0.104
Total 98.971 98.929 98.693 98.339 98.756 98.92 98.602 98.825
H pO
CO,
Recalculated total
SiO?
AUO2^3
FeO
MgO
CaO
NapO
KpO
TiOp
P pO2W 5
MnO
Oxide Total
Total Fe as FeO
From Breuninger (1995)
mafic plag plag ol plag plag plag
shonk shonk shonk shonk shonk shonk
94-39 94-1 94-24 94-38 94-28 94-34
50.92 52.86 53.31 54.27 56.21 57.07
10.4 15.1 15.44 11.66 15.18 15.27
10.22 8.33 . 8.01 8.2 8.18 7.46
15.87 8.85 8.51 12.58 5.52 6.1
9.57 8.74 8.46 7.2 7.64 7.36
1.45 2.51 2.6 2.22 2.73 2.84
0.72 2.34 2.5 2.87 2.81 2.68
0.415 0.658 0.638 0.589 0.742 0.739
0.237 0.467 0.411 0.25 0.345 0.339
0.199 0.146 0.138 0.148 0.153 0.146
100.001 100.001 100.017 99.987 99.51 100.004
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Chemical data on the Adel Mountains Volcanics
From Cunningham (1999) _____________ ______ _ ______
basalt basalt latite latite latite latite latite latite shonkinite shonkinite shonkinite
6-26-9 6-27-1 7-6-1 7-6-2 7-6-3 9-12-2 9-12-8 45 6-26-10 7-5-1 6-26-2
51.39 51.86 59.32 60.49 52.12 55.11 53.23 60.9 51.51 53.01 52.44
16.09 16.96 18.97 18.33 18.16 18.85 17.11 18.8 15.69 16.97 18.5
7.78 8.38 5.34 5.06 8.51 5.59 8.52 7.44 8.88 8.95 7.93
6.39 4.69 1.42 1.27 4.46 1.49 3.23 1 6.14 3.79 3.62
11.24 9.6 5.51 5.45 7.51 6.98 6.73 2.1 10.08 7.51 5.36
3.39 6.06 5.46 4.83 4.15 4.07 3.93 7.4 2.66 3.35 4.13
2.52 1.2 2.96 3.52 3.74 2.86 3.19 3 5.38 5.05 5.6
0.641 0.697 0.533 0.542 0.662 0.569 0.642 0.3 0.604 0.726 0.602
0.416 0.429 0.315 0.331 0.508 0.361 0.489 0.391 0.523 0.62
0.139 0.138 0.173 0.177 0.182 0.168 0.21 0.124 0.2 0.179
99.996 100.014 100 100 100 96.05 97.28 100.9 101.459 100.079 98.981
plag
shonk
lamprop
hyre
lamprop
hyre
94-32 94-25 94-22
S i02 57.88 53.53 53.55
AI2O3 14.72 16.89 16.87
Fe20 3
FeO 7.12 9.29 9.31
MgO 6.37 4.78 4.71
CaO 7.2 8.02 8.2
Na20 2.87 3.07 2.98
K20 2.71 2.76 2.72
Ti02 0.687 1.015 1.01
P20 5 0.301 0.484 0.483
MnO 0.148 0.156 0.166
Total 100.006 99.995 99.999
H20
C 02
Recalculated total
S i02
ai2o 3
FeO
MgO
CaO
Na20
K20
Ti02
F 2O5
MnO
Oxide Total
Total Fe as FeO
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shonkinite shonkinite shonkinite shonkinite shonkinite shonkinite shonkinite shonkinite shonkinite shonkinite shonkinite
6-26-3 6-26-4 6-26-5 6-26-6 7-7-2 9-12-3 9-12-7 78 92a 91 019
S i02 52.44 52.42 51.68 56.01 53.22 51.06 51.03 52.5 51.3 51.1 51.2
AI2O3 18.62 17.38 16.4 16.5 18.39 16.19 17.26 17 16 17.3 17.2
Fe20 3
FeO 8.37 9.28 7.25 7.66 8.41 8.26
MgO 3.54 3.3 4.59 3.34 2.98 3.96 2.93 4.3 4.3 4.5 4.6
CaO 7.29 8.8 8.39 6.68 7.3 7.97 8.9 7.4 7.7 7.1 7.7
Na20 3.53 3.13 3.39 3.28 4.3 3.06 2.91 3.2 3.4 3.1 2.8
K20 5.32 5.12 4.79 5.65 4.75 5.18 4.24 4.1 5.6 5.2 4.1
Ti02 0.548 0.685 0.598 0.568 0.663 0.671 0.65 0.7 0.6 0.6 0.7
P20 5 0.61 0.6 0.69 0.558 0.573 0.689 0.502
MnO 0.178 0.17 0.199 0.181 0.168 0.184 0.145
Total 100.446 100.885 97.977 100.427 100.754 97.224 88.567 89.2 88.9 88.9 88.3
H20
C 0 2
Recalculated total
S i02
ai2o 3
FeO
MgO
CaO
Na20
K20
Ti02
P2O5
MnO
Oxide Total
Total Fe as FeO
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shonkinite shonkinite shonkinite shonkinite shonkinite syenite syenite syenite
93 46 49 47 90b 7-7-1 6-27-2 035
S i02 51.6 54.3 56.7 58.1 62.8 53.86 53.6 51.9
AI2O3 16.5 17.8 19.6 10 18.2 17.59 21.8 16.9
Fe20 3
FeO 7.8 4.45
MgO 5.9 2.8 0.9 4.5 0.9 3.37 1.39 3.7
CaO 5.5 6.9 4.8 3.7 4.8 6.92 7.92 6.8
Na20 2.9 3.2 5.8 4.9 4.1 2.96 2.76 3
K20 5.8 5.1 5.7 4.4 4.7 6.08 7.29 6.1
Ti02 0.6 0.5 0.4 0.5 0.2 0.663 0.481 0.6
P20 5 0.583 0.233
MnO 0.174 0.089
Total 88.8 90.6 93.9 86.1 95.7 100 100.013 89
H20
C 02
Recalculated total
S i02
ai2o 3
FeO
MgO
CaO
Na20
K20
Ti02
P20 5
MnO
Oxide Total
Total Fe as FeO
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